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PREFACE 

In 1944 Mr. C. F. Partridge of Birmingham Central Technical 
College requested me to give a course of lectures on “ Industrial 
High-frequency Technolof^y.” This book has been written 
around the notes prepared for those lectures. Many acknowledg¬ 
ments and references to sources of information are made, but not, 
may I say, in order to shift the responsibility for shortcomings, 
which is entirely mine. 

I wish to record my gratitude to Mr. J. P. Reed and Mr. W. B. 
Jones of Research Department, Tube Investments Ltd., for trans¬ 
lations of papers by Losinsky and Vologdin; to Mr. L. E. Newnham 
and Mr. L. C. Ludbrook, for valuable help; to colleagues at 
Birlec Ltd., and in particular to Mr. P. F. Hancock and Mr. Alan 
Shew, for advice on numerous points. 

E. MAY. 

December 1948. 
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CHAPTER 1 


A Summary of the Basic 
Circuit-theory 


The atoms of the elements which make up material substances 
appear to consist of two kinds of electricity, the electron and the 
proton. The number and arrangement of these electrical “par¬ 
ticles” determine the kind of element and its properties. The 
quantity of electricity, or electric charge, of an electron is the same 
as that of a proton, but is of opposite kind, so they are referred to 
as negative and positive charges respectively. The practical unit 
of quantity of electricity, the coulomb, is equivalent to 6*28 x 10* * 
electrons, and the practical unit of current, the ampere, is equivalent 
to this number of electrons flowing past every second. 

All the protons, and some of the electrons, are tightly bound up 
in the nucleus or core of the atom, and the remainder of the electrons 
(“planetary electrons”) encircle this nucleus. Normal atoms have 
equal numbers of electrons and protons, so that their total effective 
electric charge is zero. 

Substances from the atoms of which electrons can easily be 
detached are good conductors of electricity, the conduction-current 
consisting, in the case of solids, of the slow drift of these freed 
electrons under the influence of an applied voltage (“electron- 
motive-force”). Good insulators are those substances from the 
atoms of which electrons are not easily removed, and the break- 
down-voltage is high. 

In gases and vapours, the conduction-current consists of the 
movement in opposite directions of both electrons (—ve) and 
ionised atoms (-l-ve), the latter being atoms from which electrons 
have been removed, for example, by collision with high-speed 
electrons. 

In liquids the conduction-current consists of the slow movement 
of ion-groups bearing charges of opposite sign. The “ions” in 
this case are often quite complex groups of molecules. 

In high-vacuum tubes, such as are used for the generation of 
high-frequency power, the space-current consists of high-speed 
I 1 
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electrons travelling through empty space from cathode to anode; 
a third electrode placed between them serves to control the current, 
and is called the control-grid. 

In all these cases, then, the term “electric current” implies the 
movement of electric charges, either in the simplest form of moving 
electrons, or as charges borne by atoms, molecules or groups of 
molecules. The force causing the charges to move is that which 
they experience when immersed in an electric field of force. The 
electric field is usually provided by applying or inducing an E.M.F. 
in the circuit, and in practical units the field-strength is measured 
in volts per centimetre length of circuit path. 

The effects produced by electric currents—heating, magnetic, and 
chemical—^are applied by the engineer to a wide range of work, 
and this book is largely concerned with the application of magnetic 
and heating effects, and especially to the rapid production of heat 
in the place where it is required. 

In electrical engineering work where the power required is 
appreciable, the current is established in one of two ways. The 
necessary electric field for driving the electrons is either applied 
directly, or it may be induced by the presence of a changing magnetic 
field. In the former case this means applying a voltage directly 
to the part in which the current is required. In the latter case 
the voltage will be induced in the part, without direct electrical 
connection to the source of power. 

Electrical resistance 

The essential characteristic of electrical resistance is the absorp¬ 
tion of electrical energy when a current exists in the resistive part. 
In a true resistance this energy is converted into heat-energy, as 
for example in an “electric fire” or a furnace heating-element. It 
is often convenient to refer to the “equivalent resistance” of a 
device which absorbs electrical energy and converts it into some 
form other than heat-energy. For example, a 200-v electric motor 
driving a lathe is drawing, say, 5 amperes from the 200-v supply. 
Energy is being absorbed from the supply at the rate of 1000 watts, 
and most of this energy is being dissipated at the tool-tip and in 
the mechanical drive. The motor is not an electric fire (or ought 
not to be!), but so far as the supply is concerned it behaves exactly 
as would a I KW “fire”; i.e. the “equivalent resistance” of the 
. 200 

motor load is -^sb 40 ohms. It is interesting to note that the 
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— /Resistor, fixed value, 




Resistor, variab/e. 


-TOP- Inductance, air-cored. 
Lch 

-w- Inductance, iron-cored. 


K 3 - Transformer, 
5 air-cored. 

li^K{)/Lfr2 

-KiTjTz 

J g Transformer 

} 3 iron-cored. 




-Hh 



Meter, 


Impedance 
of any kind. 


Diode, directly 
heated. 


Diode, indirectly 
heated. 


Triode, directly 
heated. 


HI- Condenser. 




Condenser, variable 
capacitance. 


Hlllllh Tapped condenser 


_|L.j1_ battery 

IT ^1+ D.C.sourc 


tery of cells ’, 
source of Vvolts. 


-0- 


Alternator or other 
A.C. source of Vvoits. 




Triode, indirectly 
heated. 


Triode, gas-filled, 
(Thyratron) 


-1— \ Triode-hexode 

Xj fnequency-changer 

^ ^ r,r, m t a r. 


© 


or mixer. 


Neon /amp; 
P/ioto-ce//. 


Fig. l-l. Circuit Diagram Symbols. 


whole of the energy is ultimately turned into heat in this case, and 
it is sometimes said that “heat is the ultimate form of all energy”. 
The industrial H.F. engineer is concerned with the generation of 
heat in sufficient quantity in the right place, and makes use of the 
electric loss characteristics of the work materials to this end. 



4 Imiustria! High Frequency Electric Power [i 

The resistance or opposition offered to a current is measured in 
ohms, and can be defined as the ratio of voltage applied across the 
part to the resultant current through the part. Where the current 
is a changing one (e.g. alternating) this ratio gives total opposition 
or impedance, including inductive and capacitive effects. Hence a 
stricter definition of resistance is the ratio, 

P 

-F;=/iohms.1-1 


where P=average power developed, in watts 

/=effective or root-mean-square value of current, in amperes- 



Fig. 1-2. Electrical Resistance. 


For a pure resistance (no inductance or capacitance) we also have 

V 

y=/?ohms.1-2 

where K=voltage across R 

/^current through R, amperes. 

Fig. 1-2 summarises the important circuit properties of resistance 
elements. 

Specific resdstance or resistivity of a material 
This is defined as the resistance offered to current by a 1 cm 
length of the material, of 1 cm^ cross-sectional area, and is given 





I] 


A Summary of the Basic Circuit-theory 


5 


the symbol p. It is measured in ohms/cm/cm^.* Typical values 
of p are quoted in Table I (Appendix A). As indicated in Fig. 1 *2, 
resistances in series add, while conductances in parallel add 

(conductance is the reciprocal of resistance, i.e. mhos). 

From this it follows that a length / eras of a material, of A cm* 
crosS'Sectional area, has a resistance given by: 


R^-^.p ohms 


1-3 


Temperature coefficient 

The electrical resistance of most materials changes appreciably 
with temperature. In particular the resistance of pure metals 
increases at. a constant rate with increase of temperature. The 
amoimt by which a resistance of 1 ohm (at ti C) increases 
when the temperature is raised by 1“ C is called the “temperature 
coefficient of increase of resistance” based on the initial temperature 
ti. It may be written a,j. Values of a for various materials, 
and the corresponding reference temperatures, are given in Table I 
(Appendix A). 

For any resistance Rt at C, the corresponding resistance Rz 
for some new temperature / 2 ° C is given by: 

/? 2 =^i [!+«/, (^ 2 —<i)] ohms ... 1-4 

The increase of resistance due to temperature-rise is very con¬ 
siderable in the case of pure metals; for example, copper increases 
in resistance by 41% for a temperature rise from 15° C to 115° C, 
while the filament resistance of a tungsten lamp increases from its 
“cold” resistance to about twelve times this value when at running 
temperature. On the other hand, some alloys have very small 
temperature coefficients, and may exhibit negative coefficients 
over certain temperature ranges. Some forms of carbon also 
have a negative coefficient. 


H.F. resistance 

Equation 1*3 assumes the current uniformly distributed over the 
whole cross-section of the conductor. This is not so when current, 
and hence magnetic flux, are changing, and the current flows 
mainly in the outer skin of the conductor, where the magnetic 
linkages, and hence the current-path reactance, have minimum 
values. The effect is very pronounced at high frequencies. The 


* i\e. ohm-cins. 
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ratio of conductor-resistance at a frequency / to its resistance to 
an unchanging current is approximately: 

^oc rf-y/where Rooc^ (rf=diameter), 

H being the magnetic permeability of the conductor material. 

Because of skin effect, hollow metal tubing is widely used for H.F. 
coils, which may be cooled if necessary by the passage of water 
through them. The effective penetration depth of the current is 
usually taken as being: 




cms; 


/> is in E.M. units. 


i.e. ohm-cmsxl09. The wall thickness of a hollow conductor 
should preferably be at least twice this penetration depth. A graph 
giving values of p for a wide range of values of p and / is given in 
Fig. 6-32, in which /x is taken as unity. 

Ferromagnetic materials are not, of course, used industrially as 
primary conductors of high-frequency currents; their high effective 
resistance would result in heavy power losses. For such primary 
conductors high-conductivity copper, silver, and sometimes 
aluminium are used, and as much useful surface is provided as 
conditions permit. Current penetration depths in H.C. copper 
at a working temperature around 75° C and at frequencies of 
1, 3, 10, and 400 KC/S (common “standard” frequencies) are 
respectively 0’23, 0-13, 0-07, and 0*011 cm approximately. The 
effective H.F. resistance of coils and of work-pieces for induction 
heating can be calculated in terms of the “penetration-depth” 
with sufficient accuracy for most practical purposes (see 
Chapter 6). 

Work-pieces to be heated by H.F. induction are frequently of 
steel—e.g. mild steel billets and bars to be through-heated to 
1100-1250° C for forging, and medium-carbon steels to be surface 
or locally heated for hardening. Such steels are highly magnetic 
at temperatures below some 700-750° C, and suddenly lose their 
high permeability, i.e. /x-»-Unity, in this temperature range. This 
abrupt reduction in /x at the Curie temperature results in an increase 
in current penetration depth and gives rise to some interesting 
operating problems which are discussed elsewhere (e.g. Chapter 9). 
The effective value of p. depends mainly upon the work-coil amp^e- 
tums (see Chapter 6); it may be mentioned here that for most 
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ordinary steels fittc may be as high as 200 in through-heating 
applications on heavy sections, and tends to approach unity in 
the intense fields used in some surface-hardening applications. 

The distribution of alternating current in a conductor is fiurther 
modified by the proximity of other current-carrying conductors. 
The effect is important in heavy-current bus-bars,* coils, 
“concentrators”, and in induction heating circuits generally. 

Electrical inductance—mutual and self 
Whenever the magnetic flux linking a circuit changes, an E.M.F. 
is induced in the circuit, given by: 

10-8 volts . . . . 1'5 

i.e. e is proportional to the rate of change of linkages or “line- 
turns”, 0xr. The flux 0 may be produced by a current ij, 

flowing in a circuit A, .^ 

as shown in Fig. 1 -3, /' ,Tk, '\ 

and some part of this 

flux may link with an- -^'-”'''^ 3 ^- 

other circuit B. Sup- ' \ 

pose 0 is the total ' in' -... A*”,.'' 

number of lines of I_© o_ 

force (i.e. total mag- Fig. 1-3. Self and Mutual Inductance, 
netic flux) produced by 

the Ti turns of circuit A when carrying a certain value of current 
/‘i amperes. If all this flux linked with all the turns T 2 of B, the 
total linkages of B due to /'i would be 0 T 2 . In practice this never 
holds, and the linkages of B will be K 0 T 2 . Thus liT is a factor 
always less than unity, and is called the “coupling factor” between 
A and B. Its value may be very nearly I -0 when both coils are 
mounted close together on a common laminated-steel core, as in 
low-frequency transformers, or it may be as low as -01 in the case 
of certain air-cored high-frequency transformers. 

The E.M.F. induced in circuit B will be; 

^ 2 * X 10 -« volts 

= -A:r 2 ^-io -8 volts. 1-6 

€2 is the E.M.F. of mutual induction between circuits A and B. 
* See Chapter 9, Fig. 9-24. 
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Suppose, as is true for air-cored coils, that 0 is proportional to 
ii. Then we can re-write equation 1-6: 

e 2 =—Af^ volts.1-7 

where ^^=rate of change of current I’l in ampdres/sec and M 

is a constant incorporating K,Ti, and the constant of proportionality 
between $ and ii. M is called the coefficient of mutual induction 
(or simply the mutual inductance) between A and B, and is 
measured in henrys. The circuits A and B would possess a mutual 

inductance of 1 henry if ^2 were 1 volt when ^ is 1 amp4re/sec. 

The value of M obviously depends upon coil turns, dimensions and 
relative positions. 

Again, if I'l is changing and consequently is changing, an E.M.F. 
is induced in circuit A by its own changing flux. This follows from 
the fundamental law expressed in equation 1 -5. This is an E.M.F. 
of self-induction and is given by; 



where Li is the coefficient of self-inductance of circuit A (or simply 
the inductance of A) expressed in henrys. Thus Li would be 

1 henry if ei = l volt when ^ = 1 amp^re/sec. The millihenry 

(1 mH=10-3H) and the microhenry (1 /xH=10-*H) are also used 
The minus sign in equation 1-8 denotes that ei is in opposition to 
the voltage applied to circuit A, i.e. an inductance reacts against 
any change of current in it. It offers no opposition to a steady 
unchanging current. 

Similarly, if circuit B were supplied with a changing current 12 , 
an E.M.F. of self-induction 

e 2 =—L-^ volts 

would oppose the applied voltage. 

Neglecting circuit resistance, the self-induced voltage e will be 
exactly equal and opposite to the applied voltage v, so that the 
applied voltage will : 

volts. 1'9 

In practical cases a circuit must possess some resistance, since 
p is not zero. Then: 
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V = Vr+Vl 

.MO 

The power being taken from the supply in such a circuit (Fig. 1'4) 
is obtained by multiplying the voltage-equation MO by the 
instantaneous current /; 

i.e. watts.1-11 

=power being taken when current is 
/ amps and changing at ^ amp6res/sec. 


The term represents the rate of conversion from electric 
to heat-energy in the circuit, while represents the rate at which 


energy is being stored in the magnetic field of the circuit, 
the final value of i is I amperes, then the rx'-K-w 
total energy stored in the magnetic field is: [ 0 U 0 

Magnetic energy = I . ^ 


Suppose 




JL/2 joules 


^ Supply^ 
V 


This energy is released back into the P’g- 

circuit when the current is reduced to zero. Circuit having Inductance 
Self and mutual inductance effects Resistance, 

being essentially associated with changing currents, they are of 
great importance in alternating current circuits, and especially so 
at high frequencies. 


The calculation of self-inductance 

This is a matter of considerable difficulty if high accuracy is 
required. There are, however, certain useful generalisations and 
approximate relations which are given below: 

(1) for a coil of T turns of (mean) radius R inches. 

* 8 /? 

F is a form factor, / being winding length in 

inches, and d winding depth (inches) (see Fig. 1 -5 (a)). 

(2) For fixed proportions: 

Loc linear dimensions, 

LocT^. 
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(4) Single turn of radius R, of wire radius r (cms): 

L^=47r/?[log,^-J].10-3. 

(5) Closely-wound single-layer coil, of n turns per cm. length 

L^H^^KnWWlx 10-3. 

D and*/ injcms. K is plotted in Fig. 1-5 (b). Z)a2i?. 
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(6) Twin feeder consisting of two conductors of radius r, 
separation D between centres, Z)>r, 

"4 log, y per metre. 

(7) Concentric feeder, consisting of two thin-walled tubes, 
inner of radius Ri, outer of radius Ro, 

‘2 log, ■— per metre. 

The inductance of twin flat bus-bars is plotted in Fig. 9-24. 


Electrical capacitance 

Fig. 1'6 shows an arrangement of two metal (i.e. conducting) 
plates which may be connected to the D.C. source of V volts when 
the switch S is closed. The plates each have an area of A cm2 
and are separated by a distance d cms, with only air between them. 
The arrangement is called a condenser or capacitor. 

When the switch is closed for the first time, the pointer of 
the ammeter kicks and then 


i + 

V volts 


Fig. 1-6. Electric Condenser. 


returns to zero, indicating f , * I 

that a brief current-pulse ^ rrtl/.,- 

occurs. During the time of ^ ^ 

this pulse electrons are h C——I 

sucked from plate a and Electric Condenser, 

pumped round the circuit 

into plate b; it is convenient to regard the energy-source as an 
electron-pump. For given values of A, d, and V, a definite number 
of electrons is transferred, the total quantity of electricity involved 
being called the “condenser charge”. The result is that plate a is 
now “positively charged” (since negative charges, electrons, have 
been removed) and plate b is “negatively charged”. Charges of 
opposite sign attract each other, and it becomes increasingly 
difficult for electrons to leave plate a because of this attraction. 
Thus it is that the condenser charge is a fixed amount for a given 
applied voltage, and this is expressed as: 

e=CK.113 

where total charge pumped round from a to 6, in coulombs, 
Kss applied voltage, 

C=ca constant, called the capacitance of the condenser, and 
measured in “farads”. 

A capacitance of 1 farad implies that 1 coulomb of electricity 




12 Industrial High Frequency Electric Power 


(6*28xlO»* electrons) is transferred from a to 6 when F=sl volt; 
i.e. C=p=l coulomb/volt, or 1 farad. 


For two parallel plates as shown, the capacitance is given by: 


,_KA 1 
4wrf'9x 105 


,x¥. 


^ is a constant, the value of which depends upon the kind of 
insulating material between the plates. It is called the dielectric 
constant, or permittivity, and is practically unity for air. Values 
of K for various materials are given in Table III, Appendix A. 

Practical condensers, even when constructed to have very large 
capacitance, do not approach the farad. Instead, practical values 
are measured in microfarads, 1 microfarad being one-millionth of 
1 farad. 

1 /xF= 10“6 farad. 


A still smaller unit, the micromicrofarad, is also used. 


1 fi/xF=10“>2 farad. 

From 1-13 it follows that one-millionth of a coulomb is trans¬ 


ferred from one plate to the other when 1 volt is applied across 
them, if the capacitance is I /xF. 


Condenser current 

The rate at which the charge is transferred from a to 6 is 
obviously the same thing as the rate of flow of electricity round the 
circuit, that is, the current in the wires connecting the two plates. 
Hence; 

Circuit current=Iamperes . M4 

or, since Q=KC, and C is constant, 

/=xC^amperes.M5 

dV 

where C is expressed in farads, and in volts/second, i.e. 

the condenser circuit current is proportional to capacitance and 
to rate of change of condenser voltage. It follows that when an 
alternating voltage is applied to C an alternating current will flow 
continuously in the condenser-circuit, whereas when a steady 
uni-directional voltage is applied a current flows only while the 
condenser voltage is building up to that of the supply. 

Practical circuits always possess resistance, inductance, and 
capadtance, though any one or two of these three fundamental 
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properties may be so small as to be negligible under certain 
conditions. Consider next the particular case of a circuit 
consisting of capacitance and resistance in series (Fig. 1-7). 

The total voltage across C and R is V, 
i.e. V—vc'\"ok 1'16 




M7 t 



+vo/ts- 
Fig. 1-7. 

Circuit having Capacitance 
and Resistance. 


where condenser charge at any 
chosen instant, and /=circuit current 
at that instant. 

Equation I'17 expresses the facts: 

(i) When 5 is first closed, and while C is as yet uncharged, 
V=iR (since vc=0), 
y 

i.e. . ‘~R initially.1-18 

(ii) q=Q=VC only when j=0, that is, after current has ceased. 


CR time-constant 

Fig. 1 8 shows how vc (and hence q) and vr (and hence i) change 
with time, after closing the switch for the first time: 



Fig. 1 -8. Charging and Discharging Curves. 


This graph shows that / never quite falls to zero, nor, conse¬ 
quently, does q ever quite reach the value Q=VC, but these values 
are approached very rapidly if the product CR is small. As 
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indicated in the figure, at a time CR secs (C in farads, R in cduns; 
or C in ^F, R in M j?) after commencement of charging, vc and q 
have built up to *632 of the limiting values V and VC while vr and i 

y 

have fallen to -368 of their initial values V and 

It is interesting to note that if the initial rate of growth of vc 
were maintained, vc would achieve the value V in CR secs. 
Similarly, vr and i would fall to zero in this time. The product 
CR is called the time-constant. That the product has the units 
of seconds can be seen thus: 


Q F_0. . Coulombs 
I /’ • * Coulombs/sec’ 


i.e. seconds. 


When a condenser, initially charged to a voltage V, is discharged 
through a resistance of R ohms connected across its terminals, the 
discharge current again dies away exponentially from an initial 
y 

peak value of * amperes. The decay curve representing vr and 


I in Fig. 1 -8 represents, with appropriate scales, all the quantities 
Vr, vc, i, and q for the discharge, since now vr=vc. 

The condenser-resistance circuit is of very great importance, and 
applications of it are discussed later. It is worth noting here that 
one important application is to the energising of circuits for 
definite periods of time. (See Chapter 8.) 


Elnergy stored in condenser 

Multiplying M7 by /, we get: 

-1-/2/? watts.1*19 


=:rate at which energy is being taken 
from supply. 

If q builds up to a final value Q, the total energy stored in C is, 
. dq 

since 

Energy stored=^J^</'?=i^=§CF2 joules . 1-20 


This energy is stored as potential energy of the electric field in 
the dielectric between the plates. It is given back to the circuit 
when the condenser is discharged by placing a conducting path 
across the plates. 
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Effect of solid dielectric between tiie condenser plates 

It is found that when the space between the condenser plates is 
occupied by a solid insulating material or “dielectric” instead of 
air, the dimensions remaining unchanged, a larger capacitance is 
obtained. The factor by which the capacitance is increased is 
called the dielectric constant (symbol K) of the dielectric; its value 
conunonly ranges between 2 and 6, though there are notable 
exceptions (see Table III, Appendix A). 

Mica is much used, especially for high-voltage condensers, for 
capacitances below 1 fiF. Oil-impregnated and wax-impregnated 
papers are very commonly used for relatively large capacitances,(i> 
and arestiitable for voltages up 

to 1 KV. For higher voltages l-.- .i 

a number of units are connected OOOOO 
in series. Ceramic condensers OOOOO w 
are now being widely used for O O O O O 

H.F. circuits (see Fig. 8-10). C^O O O O 

The break-down voltage of ’ 

various dielectrics is given in 
Table III, Appendix A. It is 
given under “Dielectric 
Strength”, that is, maximum 
volts per millimetre of thickness. 

The behaviour of solid 
dielectrics under applied volt¬ 
age has been the subject of much 
investigation and discussion.(Z) Fig. 1-9. Condenser with Solid 

It is convenient to imagine mole- Dielectric, 

cular “dipoles” in the material, 

which are caused to turn in a kind of viscous resisting medium 
when an electric field is established by the application of voltage (see 
Fig. 1 -9). This is an attempt to account for a very important property 
of most solid dielectrics—namely, the absorption of some electrical 
energy which is converted into heat in the dielectric, and which 
cannot be accounted for by consideration of the normal finite 
“insulation resistance” alone. It is seen that such dielectrics are 
not perfect, that is, not loss-free, and a condenser with such a 
dielectric can be represented as shown in Fig. 1-10 (a) or (b), in 
which C represents a loss-free condenser and R a resistance in 
which the loss is supposed to occur. 
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The value of the equivalent series resistance Rs or parallel 
resistance RpV& discussed in Chapter 7. 


Sinusoidal current in a pure resistance 
Fig. Ml shows the circuit and the time-graph of the current in 

the circuit. The current time-graph 
is similar to that obtained by plotting 
the vertical height of the free end of 
a rotating stick above or below a 
C datum line, as shown in Fig. M2. 

It is therefore convenient to re¬ 
present the alternating current of 
Fig. Ml by a “rotating vector” such 
as OA in Fig. M2. One revolution 
of this representing vector is equiva- 
lent to one cycle of the current, so 
Fig. 110. that: 

Equivalent Circuits for Fig. 1.9. wT-=2tt radians 

if T is the periodic time; and since / being the frequency in 
cycles/second, we have: 

ILtt 

co= ^=27 t/ radians/second 

=angular velocity of vector representing 
a sinusoidal current of frequency / 
cycles/second. 





Average value of sinusoidal current 
This is found as the average height of the current curve, and, 
over a whole cycle, is zero. The practical significance of this is 
that the average value of any effect depending directly upon the 
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value of the current, such as electro-plating, deflection of simple 
moving-coil meter, etc., is zero over a whole cycle. 



Fig. 1'12. Vector Representation of Sinusoidal Quantities. 

The average value over a positive or a negative half-cycle is 
important, and is found thus: 

/av.=^ f/max sin Q.dd =^;^—COS 

^ 0^0 “^0 

= -/m.x = -637/™ax .... 1-21 

7T 

Similarly, for a current having the waveform shown in Fig. M3, 
consisting of half-cycle pulses only, the average value is; 

/,,.=^'B«*=.318/„ax .... 1-22 

7T 

This is the value which would be read by a moving-coil meter 
carrying such a current. 




Fig. M3. Average Value of Repeated Half Sine-wave Pulses. 

Root-mean-square value of sinusoidal current (RMS value) 

The power developed in a circuit of constant resistance R is 
given at any instant by: 

P=i^R watts, 

I being the current in R at that instant. 

2 
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In single-phase alternating current circuits the power obviously 
varies from instant to instant, and the average power is therefore 
important. Then: 

/* average=(Average square of current) x/J watts. 

In Fig. M4 it is seen that the (current)^ curve is also sinusoidal, 
but of twice the frequency of the sinusoidal current; i.e. there are 
two power pulses, both positive, per cycle of current. The practical 
significance of this is that the heating effect is independent of 
direction of current. 

The average value of (current)^ is seen to be half the peak value, 

/ 2 


and the average power is therefore: 

I 2 

D *max n 
av.— 2 ^ 


R watts 



Fig. M4. Current and Power Time-graphs for Resistive Circuit-element. 

Comparing this with the D.C. case, in which Pas/2/f, it is seen 
that the sinusoidal alternating current is equivalent to a steady 

current of amperes, from the power aspect. 

This value, the square-root of the average or mean square of 
the alternating current, is usually written /rms or simply /. 

Thus average power in an A.C. circuit is given by: 

Pty.—lRMs^E watts.1’25 

and for a sine-waveform current: 

/rm8=«^=-707/„„. 

Similarly, since for a resistance: 

v=iR 

/?, or FuMgsa/njiis/l • i'26 


it follows that 
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The majority of commercial alternating current meters are for 
convenience calibrated to read RMS values, since it is these values 
which quickly lead to a value for the average circuit-power. 

Finally, since voltage across R is proportional to current in R, 
it follows that the voltage rises and falls in step with the current, 
i.e. voltage and current are in phase. The product of voltage and 
current, instant by instant, would of course yield the same power 
curve as would be obtained from i^R; the waveform would be 
that shown for in Fig. 1-14. In-phase current and voltage are 
represented vectorially by two superimposed vectors. The 
behaviour of a resistive circuit carrying an alternating sinusoidal 
current is summarised in Fig. 1-15. 





Fig. 1-15. Waveforms and Vectors for Resistive Element. 


Inductive circuit carrying sinusoidal current 

Equation 1 -9 gave the applied voltage to such a circuit as that of 
Fig. M6 as: 

volts 

L being the circuit inductance in henries, and ^ the rate of change 

of circuit current in ampires/second. Current and applied voltage 
are plotted in Fig. 1'16, and it is seen that i lags one quarter- 

cycle (90° or j radians) behind. This is also shown in the vector 
diagram. 

For a sinusoidal current we have: 


— 

dt 



i~lm»% 


sin a>/ 


cos tot oi/jnax 



so that 


1-27 
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i.e. the rate of change of any sine-waveform has also a sine-waveform 
of amplitude w times the original amplitude, and leads it in time 

by one quarter-cycle, which is equivalent to ^ radians in a vector 
diagram. 

It follows from equation 1 *9 that the voltage across L is sinusoidal, 
of same frequency as the current in it, leads the current by 90° or 
i-cycle, and has an amplitude given by: 

^'inax = <«>f./max .1*28 

Inspection of Fig. M6 shows that the average power in the case 
of a “pure” inductance is zero. Power is taken from the supply 
while the current is building up, this power being the rate of energy 



Fig. 1*16. Time-graphs and Vectors for Inductive Circuit-element. 


supply to the magnetic field which builds up in phase with the 
current. Then when the current is falling again to zero, power 
is given back to the supply. 

The power circulating between the supply and the inductance is 
called Reactive Power. Referring again to equation 1-28 it is 
seen that the quantity a>L is such that when multiplied by current 
(amperes) a voltage results; hence wL is measured in ohms, and 
is the opposition set up by the inductance L to a current having a 


frequency/= 2^. 

Re-writing 1 -28 in RMS values: 

V^IojL 



or 


/= 


ujL' 


or u)L 


V 

I 


1-29 
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V and / being respectively RMS voltage across and current in the 
inductance of L henrys. 

Also, (t>L=2nfL—Xi, ohms .... 1*30 

the “reactance” offered by L at frequency /. Note that Xt is 
proportional to frequency. 

Capacitive circuit, sinusoidal current 

Equation 1-15 gave the current in a condenser as: 

/=C^ amperes 

C being the condenser capacitance in farads, and ^ the rate of 

change of voltage across C, in volts/sec. Applied voltage and 
condenser current are plotted in Fig. 1-17, and it is seen that 



Fig. 1*17. Time-graphs and Vectors for Capacitive Circuit-element. 


i leads v by i-cycle; this is also shown as an angle of lead of ^ 

radians in the vector diagram. 

For a sinusoidal supply voltage we have: 

sin 0}t> 

So that 

^’=a>Fn,ax cos tor=a>F„,ax sin . . 1'31 

whence the condenser current is: 

/=C^=«,C.K™,sin(w/-l-^) . . . 1-32 

i.e, the current waveform is also sinusoidal, leads the voltage wave¬ 
form by ^ radians or i<ycle, and its amplitude is: 

finax—ruC. Fmax . . • . . 1*33 
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SO that / swC.K (RMS values) . 1*34 

and V =/x-4>. 

ct>C 

The quantity ^ is called the reactance of the condenser, and is 


the opposition offered to an alternating current of frequency 
cycles/sec. It is usually written Xc, so that 




1-35 


Note that Xc decreases as frequency increases. As in the case 
of inductance, the power is reactive, its average value being zero. 
For the condenser, however, power is taken from the supply when 

V is rising, and given back when v falls again. 

Summarising thus far, we see that for resistance or inductance 
or capacitance carrying sinusoidal current, this current'is limited 
to a definite value for a given applied voltage, the current value 
being such as to set up a back-voltage equal and opposite to the 
applied voltage. In the resistance case, this can only occur as a 
result of a continuous expenditure of energy from the supply at 
the rate of l^R watts. In the case of both inductance and 
capacitance, there is no such continuous expenditure, but instead 
only a surging to and fro of energy between supply and “load”, 
the load being purely “reactive”. 

y 

For resistance only we have: /= p, 
for inductance only: 

for capacitance only: 

V in each case being the RMS voltage across the element (R or 
Lor C) and / the RMS current in the element. 



ComUnatioiis of R, L, and C 

Consider first the case of a resistance R ohms and an inductance 
L henrys connected in series and carrying a sinusoidal current of 
RMS value I amperes. 

Fig. 118 shows the circuit and vector diagrams. The vector 
diagram is conveniently drawn to a scale of RMS values, since 
these bear a fixed relation to the peak values or amplitudes. It is 
constructed thus: 
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The average power taken from the supply will be that dissipated 
in R, i.e. HR watts. 

This may also be written, since Vr=IR, as: 

watts.1-40 

The “apparent power” obtained from the product of supply voltage 
^ and circuit current is referred to as the 

=Iu)L circuit volt-ampires; this is: 

^ Volt-ampferes=F5/ 1-41 

.^y Substituting in 1-40 the value of Fr given 

hy 1 -39, we have: 

y ^ ^1 Power=Ks/ cos <f> watts . 1 -42 

^>=IR So that the ratio 


l^^IR So that the ratio 

c- , ,Q Circuit-power , 

Fig. 1’19. ;- f- -;- =COS 

_. , r u Circuit volt-amperes ^ 

Triangle of Voltage- ^ 

vectors from Fig. 118. . . 1‘43 

This ratio is called the power factor, 
and it can be seen from Fig. 1-19 that; 

R 

Cos = power factor of circuit. 1-44 

i.e. it is the ratio of circuit-resistance to total impedance. The 
power factor of an inductive circuit is referred to as a lagging 
power factor, since the current lags behind the applied voltage. 
These results also hold for the practical case of an inductive coil 
possessing distributed resistance, and for such a coil with added 



Vg-IZ 


Vj,^IR 


Vc-IXc 


Fig. F20. Series Combination of C and R. 


external resistance. R is in every case the total circuit-resistance. 

Similar results can be obtained for the circuit shown in 
Fig. 1-20. 

In this case we have: 

Vs^y/V^yw? .1-45 

i.e. rZ^lVW+X? .1-46 
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R, it will again be along this axis, but must be regarded now as 
being equal to —X, i.e. turning X through 180“ is equivalent to 
multiplying +A' by — 1. It is also equivalent to multiplying 
+ X twice by /, so that p=t — l. 

Finally, note that swinging X through a further 90“ counter¬ 
clockwise, i.e. multiplying again by y, we have jxpX, i.e. —JX, 
since yz ar — 1, This, of course, is the same result as if X had merely 
been turned through 90“ clockwise from the original positive 
direction along the axis of R. 

To sum up: Multiplying a quantity by J means turning it 
counter-clockwise through 90“ from the reference axis; multipljdng 
it by —y means turning it 90“ clockwise from the reference axis; 
multiplying it by p means reversing its original direction along the 
reference axis, when it can be added or subtracted directly to or 
from other quantities along this axis. 

It follows that, for the circuit of Fig. 1-20 (C and R in series) 
the circuit impedance will, in this notation, be written as: 

Z=R+(-J)Xc^R-jXc .... 149 

The significance of this is indicated in Fig. 1-21 (c). 

It can be seen from, e.g.. Fig. 1 -21 (a) that not only is the magnitude 
of Z fixed absolutely by the magnitudes of R and Xu but so also 
is the phase-angle (f> (i.e. the angle by which the voltage applied 

to the circuit leads the circuit current), for tan ^ Thus there 

is yet another way in which we can refer to the circuit impedance, 
i.e. by writing ZZ.4>^ meaning an impedance of magnitude Z ohms, 
where Z = VR^ + Xp = R-\-jXu and having a ratio of reactance to 

resistance ^ equal to tan 

This notation is particularly useful in simplifying the procedure 
for obtaining products and quotients of impedances. 

We next consider two circuit arrangements in which there is 
both dissipated and reactive power, but the reactive power may be 
confined to the “load" circuit and need not continuously surge 
between this circuit and supply. Such circuits are called 
“resonant circuits". 

L, Cy and R in series; Series resonance (Fig. 1-22). 

The essential feature of such a series circuit is that the same 
magnitude and direction of current exists in all parts of the circuit 
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simultaneously. Consequently, the voltages applied across the 
three components are: 

Vn^IR, Vt=:>IXt, Vc^IXc. 

These are shown, with their respective phasing, in the vector 
diagram. The supply voltage is the vector-sum of these com¬ 
ponents, and although the diagram shows the case of Vl greater 
than Vc, it is clear that if Vl.— Vc, the supply voltage Vs is equal 
simply to Vr and is in phase with it. For any other condition, 
Vs is greater than Vr and leads or lags relative to current according 
as Vl or Vc is the greater. 



Fig. I •22. Series Combination of L, R, and C. 


The particular case for Vi, and Vc equal (but of opposite sign) 
corresponds to a particular frequency—the “resonance frequency” 
fo of the circuit. Thus: 

Let Vl=Vc, 

i.e. /a)oL=/x— 


so that 


t«>o^=Z^i but cjo — T-irfo, 

cycles/sec, for Vl=^Vc 


L is in henrys, and C in farads. 

For the general case {Vc not necessarily equal to Vc), it is seen 
from Fig. 1 -22 that 

Vs= VVR2-i-{Vt~Vc)^ volts, 
the sign indicating “difference between”, 
i.e. Vs=/Z=IVR2+{Xl^Xc)^ 

or VR^-i-(XL'^Xc)2 ohms 

=total impedance of circuit. 
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This may be written, using y notation, as: 

Z^R+jXL-jXc=R+ji2^L-Xc) ohms . . 1*51 

Z obviously varies with frequency, the manner in which it does so 
being shown in Fig. 1 -23. For frequencies less than/o the effective 
impedance is capacitive, while for frequencies above/o it is inductive. 

The circuit-current for constant applied voltage is also shown in 
Fig. 1-23. The current is largest at /©, the resonant frequency, 
for then the circuit impedance is a minimum, and equal to R. 

At fo therefore; 

7/^=^ amperes.1-52 



Fig. 1-23. Series Resonance. 


Now the reactance of L at fo is lu/oL ohms, i.e. cjoL ohms, so that 
the voltage across L at resonance is 


= ^.<ooL (from 1-52) . 


i.e. the ratio 


Vl cjqL 


at resonance. 


rs K 

This ratio may be very large, especially if R is small, and it 
represents a voltage-magnification. It is an important quantity 
in tuned circuits and is given the symbol Q ; 

„ a>o7- Inductive reactance at/o ... 

R ~ Circuit-resistance at fo 

The qualification “at fo” is necessary in connection with R as 
well as the obvious case of L, because resistance does vary with 
frequency. 

This large voltage across L (Q times the supply voltage, at 
resonance) is, of course, balanced out by an equal but opposite 
voltage across C. 
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The power dissipation at resonance is: 

P=:/ 2 /J watts 

=^■ 5 /watts, since Vs=Vr=‘IR, 

so that all the power being drawn from the supply is dissipated, i.e. 
there is no continuous surging of reactive power between supply 
and external circuit. Even so, it is clear that large amounts of 
reactive power exist in the external circuit, since the products 
VJ and Vcl are Q times larger than Vsl, the dissipated power. 
The explanation is that the reactive power oscillates between L 
and C, although it must be obtained from the supply in the first 
case. This happens during the first few cycles after connection 
to the supply, the initial conditions being termed “transient” 
to distinguish them from the “steady state” that we have 
considered here. 



Fig. 1 •24. Parallel Combination of L, R, and C. 


Parallel-resonant circuit 

The general case of this circuit is shown in Fig. 1-24, in which 
both the inductive and the capacitive branches contain resistance. 
Each branch has therefore a complex impedance, denoted by 
Zl and Zc respectively. 

Zl = = Rl +jXL. 


Zc= 'V Rc^ + Xc^=Rc —jXc- 

The rule given in Fig. 1 -2 for parallel resistances can be extended 
to complex impedances. Thus the total impedance presented to 
the supply points AB is given from: 




i.e. 


7 _ 2lZc 

^'^“-Zt+Zc 


1-55 
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The denominator of equation 1-SS is the total impedance of 
the closed circuit consisting of L, Rl, C, and Rc, and will vary 
with frequency in the manner shown in Fig, 1-23 for a simple 
series circuit LCR, R being in this case Rt-\-Rc. 

The numerator may be written as: 

(RL-^jXd{Rc-JXc) 

which becomes: 

RLRc-^jRcXL-jRLXc+ XlXc. 

In the circuits we shall need to consider, the reactance terms 
Xl and Xc will generally be several times larger than the resistance 
terms Rl and Rc- Ignoring the smaller terms in the numerator, 
equation 1 -55 may be written as: 

Zab^ ohms . . . . 1'56 

Now Xi, — lTTfL=(x)L 

so that XlXc=^ and is constant. 

In deriving equation I -50 we had < 00 ^=^^, wo being lirfo, where 

fo is the resonant frequency of the series LRC arrangement. 
Multiplying through by Z.2 gives: 

so that XlXc=^MojoL)^ .1-57 

T*hat is, the numerator of 1 -56 is a constant, and equal to the square 
of the reactance of L at the resonant frequency of the closed L, Rl, 
C, Rc system, while the denominator of 1 -56 is the series impedance 
of this closed system. Thus: 

ohms .1-58 

^series 

Zab therefore varies with frequency in the same manner as the 
reciprocal of the impedance of a series LCR circuit, and it will 
therefore have a similar frequency characteristic to that of the 
current in a series circuit, since for the latter: 

Fig. 1 *25 shows the impedance-frequency relation for the parallel 
arrangement of Fig. 1 *24. It is seen to te similar to the current- 
frequency curve of Fig, 1 *23. 
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The supply current Is is also shown, for constant supply 
voltage Vs, 

The parallel circuit therefore exhibits a rapid rise of impedance 
present^ to the supply, round about a certain frequency. This 
resonance frequency /o' will therefore correspond to a minimum 
supply current (for constant supply voltage), and corresponds 
with an inductive load corrected to unity power factor, familiar 
to industrial power engineers. For fixed values of L and C, the 
frequency of resonance is given from the approximate relation of 
equation 1-58 as the frequency for which Z series is a minimum, i.e. 


/o' 4 = X —cycles/sec, the frequency for series resonance/o. 
Zny/LC 

This approximation is sufficiently accurate for most purposes 



though, taking as the criterion of resonance that Ks and Is shall 
be in phase, theaccurate expression for/o' is/o' = v 

Ztt 

cycles/sec. 

=fo .1-59 

At frequencies below fo, the inductive branch offers the lower 
impedance and therefore carries the larger current, so that the 
effective load is inductive. Similarly, at frequencies above fo the 
effective load is capacitive. At fo, the total reactance is zero, 
i.e. Zl=Zc, and the circuit as a whole behaves like a resistive load 
of high ohmic value, its magnitude being: 

Zab at/o= ^^^^ - = gij^ ohms 1*60 

Now the magnification factor referred to on p. 28. 
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The parallel impedance at resonance may therefore be written: 

— ,o}oL^Q*ojoE ohms . . 1*61 

i.e. the resonance-impedance is Q times as large as the reactance 
of the coil (or the condenser) branch alone at that frequency. 

Further, it follows from this that the current II is Q times as 
large as the supply current, at fo, as also is the condenser current/c; 

i.e. Il=Ic=QIs .1-62 

The explanation is that II and Ic are (approximately) in opposite 
phase, II lagging and Ic leading by (nearly) i-cycle relative to the 
common supply voltage. Therefore a large circulating current 
exists in the closed LCR system, and only a small current is drawn 
from the supply, in phase with the supply voltage, the power thus 

drawn supplying the 
loss in the resistive 
part of the closed 
system (see Figs. 
1-24 and 1-26). 

It is thus apparent 
that a large amount 
of reactive energy 
may be circulating 
in the closed LCR 
circuit, and this 
circuit is therefore 
often termed a “tank” circuit, implying that it is an A.C. energy- 
reservoir from which energy can be drawn. The circulating 
“tank” current is: 

It=QIs .1-63 

H.F. power generators employing a valve oscillator commonly 
use a tank circuit of this kind. Also, the furnace coil and power- 
factor-correction condensers form a similar tank circuit in the case 
of the H.F. alternator plant. In both cases it would be hopelessly 
uneconomic to have the whole of the required coil-current flowing 
through the power source. 

Generalised resonance relations 

It is possible to show the behaviour of both series and parallel 
resonant circuits by means of a single pair of curves, provided that 
the Q value is reasonably high, say not less than lO.t^) 


Is 



Fig. 1-26. 

Current Relations at Resonance, for Fig. 1-25. 
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The current-frequency characteristic for the series circuit and 
the phase angle of circuit current in relation to the supply voltage 
are plotted in Fig. 1'27. These curves also represent circuit 
impedance and phase angle for the parallel circuit, except that 
“lead” and “lag” must be reversed for this. 

Natural oscillations in an LCR system 
A circuit arrangement employed in arc and spark H.F. generating 
plants, and also of importance in the theory of the valve oscillator, 
is shown in Fig. 1-28 (a). 



Fig. 1'27. Generalised Resonance Curves. 

With switch S in position 1, the condenser C charges up to the 
supply voltage V, and thus receives and stores an amount of energy 
iCF 2 joules or watt-seconds (C in farads). 

When S is thrown to position 2, C will discharge through L and 
R, and provided that R is less than a certain critical value, the 
discharge current is oscillatory, as shown in Fig. 1-28 (b). The 
oscillation is termed a “natural oscillation” as distinct from forced 
oscillations under the influence of a voltage applied from an 
external source. 

The frequency of natural oscillation^'*) is: 

... 1-64 


3 
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D2 

but the second term under the root sign, does not affect the 

value of /n very greatly unless R is so large as to make the oscillation 
very highly damped. Hence the frequency is given approximately 

by: .... 1-65 

i.e. /n is very nearly the same as both the series and parallel 
resonance frequencies of this circuit, although all three differ 
slightly. 

The value of R which just makes the circuit aperiodic (non- 



oscillatory) is the value which makes the whole term under the 
root sign zero, i.e. 

ohms. . . 1-66 

The oscillation is damped, i.e, successive amplitudes become 
smaller, as the energy is converted into heat in the circuit resistance 
R. Neglecting radiation of energy away from the circuit, the whole 
of the energy is ultimately used up in this way. Therefore, if 
t secs be the time taken for such an oscillation to die away to a 
negligible amplitude, the RMS current in the resistance is given 
from: _ 

nRt=\CV2, le, I=Vi^. . 1*67 

If N such “trains” of oscillations occur every second (e.g. by 
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rocking S to and fro N times/sec) the total energy supplied 
NCV^ 

to R per second is — 2 — joules/sec, i.e. t|ie average power is; 

NCV2 

watts.1-68 

The first current maximum of the discharge has a value of 

amperes, assuming that the energy-loss in R up to this point 

has been negligible. For then the voltage of C will be zero at 
the moment of current maximum, so that the whole energy of the 
system is at this moment stored in the magnetic field of the 
inductance L ; then: 

iCF2=jL/2 joules .... 1-69 

or /= F/y/^ amperes. 

"he ratio of successive amplitudes in the same direction is 
given by: 

li h 

and is called the decrement of the circuit. 

The natural logarithm of this is more convenient, and is: 

log.dec-log,f;-j^^. 


Other equivalent expressions are: 


log.dec 






Q being, as before, the ratio 


Magnetically-coupled circuits 

Energy can be transferred from one circuit to another without 
the necessity for a conductive connection between the two. An 
example was seen in mutual inductance coupling. There are 
two kinds of such magnetically-coupled circuits which are of impor¬ 
tance—“iron-cored” transformers and “air-cored” transformers. 

The theory of the iron-cored transformer is fully dealt with in 
many text-books, and only a summary of the elementary treat¬ 
ment is given here. 

The primary winding is energised from an A.C. power source, 
and an alternating flux is produced in the core. If this flux is 
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sinusoidal, and links completely with the whole of both primary 
and secondary windings (Fig. 1'29), these having Ti and Tx turns 
respectively, then the RMS terminal voltages on no-load will be: 

Fi=4-44/r,«?max 10-« volts . . 1-71 (a) 

F2=4-44/r2<|imax 10-« volts . . 1-71 (b) 

The maximum value of the total flux, d>niax. is the product of 
flux-density Rmax and effective core cross-section area A cm^. 
In transformers for 50 cycles/sec, niay be as high as 14,000 
lioes/cm2, while peak densities of a few hundred lines/cm^ only 
are permissible at frequencies of several Kilocycles/sec, otherwise 
excessive “iron loss” results. The iron loss is made up from two 
components: 

(1) Eddy-current loss, proportional to for “thin” 

laminations. If the laminations are so thick, or the frequency 
so high, that “skin effect” is appreciable, then the eddy-current 
loss is proportional to V/ for a given fimax- 

(2) Hysteresis loss, proportional to /Rmax", and is independent 
of lamination thickness. (a== 1-6 to 1-8 for most steels.) 

For high-frequency operation the core laminations must be 
extremely thin, in order that the eddy-current loss shall be not 
excessive and that the flux density shall be uniform—i.e. the iron 
utilisation factor shall be high.* Thus for 10 KC/S, the lamination 
thickness should not be greater than 005", and preferably less 
(e.g. -002"). There is, however, considerable difficulty in manu¬ 
facturing high-silicon steels thinner than -005". 

The no-load primary current required to produce the flux is 
given approximately from; 

h — ViP+T? amperes (see Fig. 1 -30 (a)) 

/„=“magnetising component” of /„ 

. (Amp^re-tums per cm length of flux path) x (path length, cms) 

^ V2 r, 

/, = “energy component” of /„ 

(Watts loss per lb, weight of core, for given B^ax and /) 
^ X (core weight) 

- V, 

* See, e.g., (1) “Medium Frequency Magnetization of Sheet Steel,” R. Pohl 
J.r.E.E., Vol. 94, Part II, No. 38. 

(2) “Iron-Loss Measurements by A.C. Bridge, and Calorimeter,” J. Greig and 
H. Kayser, J.I.E.E., Vol. 95, Part II. No. 44. 

(3) Fig. 1-31, with the exception of the curves for 005' stalloy and 002' nickel- 
iron alloy, is reproduced from the paper by Greig and Kayser. 
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The ampere-turns required per cm length of flux path, to produce 
Bma> and the watts loss per lb weight of core material, are read 
from curves supplied by the steel manufacturer. See Fig. 1-31 for 
losses at medium frequencies. 

On load, the secondary terminal voltage V 2 will have nearly 
the value given by equation 111 if leakage fluxes are small, and 
the secondary load current will be, approximately: 

V~ V-, 

I 2 = 7 -^ = ^ amperes . , . 1-72 

^load + 

Again, for “tight coupling” corresponding to very small leakage 
fluxes: 

Ii being the on-load primary current; and 

IiTi = l2T2 .1-73 

{/ 

>iow the ratio ,"=Z, the load impedance, and since the voltage 
ratio is equal to the turns ratio: 

_V2_T2 Vj_ 

Z 


Also, from 1-73, I\=f^l 2 , so that the ratio 
i 1 

dance presented to supply is 

7 7 


: effective impe- 


= T 7 -ohms, where . . 1-74 

11 

Thus the transformer is an impedance-matching device. That is, 
a load having an actual impedance of Z ohms is made to appear 

as if it were an impedance of ^ ohms to the source of supply, by 

T 

using a transformer with a turns-ratio t^=K. A vector diagram 

1 1 

of conditions in an ideal transformer (zero resistance and leakage) 
is given in Fig. 1’30 (b). 

The two orthodox types of core construction are illustrated in 
Fig. 1-29. Recently a new kind of construction has been described, 
which uses a continuous rolled strip of silicon steel or high-permea- 
bility nickel-iron alloy, annealed, impregnated and baked after 
“winding” to form a core.(5) The core is subsequently cut into two 
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parts, the coils slipped on, and the core and coils assembly held 
together in a suitaWe frame, or with bands. The surfaces forming 
the butt-joints in the core are carefully ground, and each joint is said 
to be the equivalent of an air-gap of only -0005". This construction 


(a)Core Type, (b)SheJI Type. 



Fig. 1-29. Iron-core Transformers. 



Fig. 1-30. Vector Diagrams f Ideal Transformer. 


seems particularly well suited to transformers working at relatively 
high frequencies, as the very thin steel required is easier to handle 
in this form. There is also a saving of about 30 % in volume and 
weight as compared with ordinary steels, owing to the higher 
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(a) *014" Silicon steel, 'll .. 

(b) -007' Silicon steel. | 

-.005' Silicon ^ 

steel at 10 KC/S. | ^0 

--002' 48/50% I 

Nickel-iron at C 10 

10 KC/S. ^ 

5 
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/ 

0'1 O'l 0-5 12 5 10 

Max. flux d9nsityt kihyauss 


(a) and (b) arc repro¬ 
duced from “Iron-Loss 
Measurements by A.C. 
Bridge and Calorimeter,” 
Prof. J. Greig and H. 
Kayser, J.I.E.E., Vol. 95, 
Part II, No. 44, by 
courtesy of the Insti¬ 
tution of Electrical 
Engineers. The other 
two curves are included 
by courtesy of G. K. and 
N. Research Laboratories 
and Birlec Ltd. 


0-1 0-2 0-5 7 Z 5 10 

Afax. flux density. kHogaass 

Fig. 1*31. Total Iron Loss. 
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pennissible flux-densities in these special alloys (e.g. Hipersil, 
Hypernik). 

Equation 1*71 shows that, for a given frequency and voltage, 
the product is fixed, so that a very large core and 

few turns, or many turns and a small amount of iron, may be 
used. Obviously, a happy medium is generally chosen, in which 
the total normal-load losses are approximately equally divided 
between the iron and the copper.* Since the core flux is very nearly 
constant at all loads, the iron-loss is constant, while the copper- 
loss, being proportional to increases as the square of the load- 
power, if load voltage and power factor remain constant. 

Copper current densities range from 1500 amperes/sq. in. to 
3000 ampferes/sq. in., depending upon the method of cooling, and 
for high frequencies skin effect must be allowed for. Some high- 
power high-frequency transformers ’utilise water-cooled copper 
tubing instead of solid windings, and current densities may then be 
about 10,000 amp^res/sq. in. 

Equation 1*71 also indicates that a reduction in size accompanies 
an increase in frequency for a given KVA rating, since both T and 
can be reduced for a given voltage. On the other hand, J3max 
must also be reduced as the frequency is increased. 

At a given frequency the power output of transformers increases 
as the fourth power, and losses increase as the cube, of the linear 
dimensions. The available cooling surface area, however, increases 
only as the square of the linear dimensions, so that artificial cooling 
is resorted to for ratings above 5 KVA or so, at 50 cycles/sec. The 
rating depends upon the permissible temperature rise due to the total 
losses. These losses are most readily determined from open-circuit 
and short-circuit tests at normal frequency, with a wattmeter 
measuring input power. The O/C test is made at normal primary 
volts, and the total power input may be taken as iron-loss. The S/C 
test is made at a low primary voltage, just suilicient to give normal 
full-load current in the short-circuited secondary, and the total 
power input is taken as being entirely copper-loss. 

For some purposes, as, for example, in the arc-oscillators described 

* This equal division is not, however, practicable in high-power H.F. transformers 
with water-cooled windings. In these it is easy to extract the copper-loss heat, but 
much more difficult to keep the iron cool; a high ratio of copper to iron loss is 
therefore usual. Efficiently water-cooled cores, made, e.g., from solid blocks of 
compressed “dust” and drilled for water passages, would, by permitting higher 
flux-densities to be used, reduce the copper loss and improve the efficiency. The 
new material “Ferroxcube” (see Philips Technical Review, Vol. 8, No. 12) has 
interesting possibilities. 
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in Chapter 2, transformers having very large leakage reactance are 
used. That is, a considerable fraction of the flux produced by 
each winding does not link the other winding. The transformer 
then behaves as if separate inductances were added in the primary 
and secondary circuits, and the quantity (w x “leakage inductance”) 
is called the leakage reactance. This transformer reactance is 
usually quoted in terms of the reactance voltage, developed at 
normal full-load, expressed as a percentage of the rated voltage. 
When used to supply an inductance load the effect is to reduce 
the load voltage below the rated open-circuit value, but when the 
load is capacitive the terminal voltage is increased. 

On the other hand, iron-cored “work-head” transformers used 
for induction-heating, at frequencies up to 10 KC/S, commonly 
work into a circuit having a lagging power factor of the order of 
•1, and the leakage reactance of such transformers is made as 
low as possible. 

Outline of the design procedure for iron-cored H.F. work-head 
transformers 

Work-head transformers for induction heating usually have a 
single-turn secondary winding to supply a large current, often 
several thousands of amperes to a single-turn work-loop. The 
power factor of such a load is invariably low, e.g. -25 lagging or 
less, and since it is impracticable to use low-voltage heavy current 
capacitors across the work-loop, the transformer must be rated 
for the full KVA rating and not merely the KW rating, i.e. the 
KW 

rating is Kilovolt-amperes. Correction capacitors are con¬ 
nected across the primary winding to bring up the power factor 
presented to the supply to approximately unity. 

Knowing the power input required to the work, the work-loop 
current to develop this power is found from: 

P=l 2 ^Rc watts, 

where Rc is the “coupled resistance”, due to the work, referred to 
the work-loop (see Chapter 6). 

The magnitude of Iz is practically determined by the reactance 
of the work-loop and its leads or feeders, and the leakage reactance 
of the transformer. The total reactance, referred to the primary 
(supply) side, is: 


^efl=Ti 2[J + A",,,] ohms. 
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where A'.,=reactance of loaded work coil and leads, 

reactance of transformer, referred to single-turn 
secondary. 

For a simple concentric arrangement of primary and secondary 
windings: 

. |.75* 

JLt 

where £)=mean diameter of the two windings, cms, 

</= radial air gap between windings, cms, 

L=axial length of windings, cms. 

It will generally be possible to design the transformer so as to 
have a leakage reactance less than 10% of that of the load. 
Clearance between primary and secondary must be kept to the 
minimum required for sufficient electrical insulation, and work- 
loop leads must be as short and as close together as possible. 
A convenient low-reactance core-type arrangement is to have 
concentric primary and secondary cylindrical windings on each 
vertical limb, with the two secondary shells in parallel, the output 
leads consisting of three interleaved flat straps of considerable 
depth and minimum spacing (see Fig. 9-23 (b)). These notes 
refer, however, to a single concentric arrangement on one limb. 
Assuming a leakage-reactance 10% of that of the work-loop: 
A'efr=l'l ohms. 

Then, since fi =? -p- 4= ^, 

we have Ti = . , / „ turns .... 1-76 

The core cross-sectional area then follows from: 


^ KixlO-8 
4-44/T,5„a, 

The value of D can now be chosen. 


Axial winding length L is determined by the permissible copper 
loss; each winding is a cylindrical current sheet, the currents 
penetrating to a depth of p cms (see Fig. 6-32). The total copper 
loss for both windings, referred to the secondary current, 
is therefore: 


,=/ 22 [: 


4772/) Vp/. 10 9- 


watts, 


♦ Only the axial component of leakage flux is considered here. For a treatment 
of factors influencing transformer leakage reactance, see A. Langley Morris, 
y./.E.E., Vol. 86, No. 521. 
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p being the copper resistivity in E.M. units, about 2000 E.M.U. 
at 70^ C, 

r . l2^x2DVfA0-6 

i.e. L=— --cms .... 1-77 

JTCU 

It is now possible to check that the assumed transformer reactance 
of 10% that of the load can be realised or, preferably, reduced. 
From equation 1-75 we obtain an expression for the maximum 
permissible value of d, the gap between windings: 

, 1 A'„L. 108 

-87T/i) 

If it is practicable to make d jess than this the leakage will be 
less than 10%. 

Example 

A work-head transformer is required to supply 75 KW to a load 
having a resistance of *003 ohm and a reactance of -015 ohm 
(i.e. P.F. = -2 lagging). Primary supply is 500 volts, 10,000 
cycles/sec. Transformer copper-loss not to exceed 5 KW. 
Secondary current required: 

, /75;000 

l 2 —\/ =50(X) amperes. 

Primary turns, assuming 10% leakage reactance: 

500 ^ 

= 1 - 1 —sTcSrt—riTc =6 turns. 

' 1 1 x5000x-015 

Core cross-sectional area, for a core material for which the 
permissible .Bmax is 1250 lines/cm^ at 10,0(X) cycles/sec, is: 

. 500x108 , 

"^“4-44x10,000 x 6x1250 • 

The mean winding diameter D is therefore about 20 cms. Axial 
winding length L is given from: 

The value of d, the gap between windings, for 10% reactance is: 
^ -0015 x 20x108 

"'"•’‘“877x10,000x20’ 
i.e. dmix— '596 cm. 

This value is easily realisable, and could in fact be somewhat 
reduced. 

The total effective reactance presented to the supply is: 

A;tr= M r, 2 X-015 =-59412, 
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and since this is large compared to the resistance; 

/i = -^^=842 amperes, 

so that Input KVA=500 x 842 x 10-3=421 KVA. 

75+5 

Supply power factor = - = '19 lagging, 

and capacitors of about 420 KVA are required to bring this to unity. 

Core loss has been neglected here. Magnetising current may 
be calculated from the induction curve of the material, or, if the 
the magnetising volt-ampSres per pound weight is known, from 
j _ Mag. VA/lb X core weight 
Supply voltage 

It may be asked, why use a transformer at all; i.e. why not use 
a multi-turn work-coil operating directly from the high-voltage 
supply? In many induction-heating applications it is necessary 

toarrange foraccurately 
localised heating; 
especially is this so in 
surface-hardeningappli- 
cations, where very high 
power-concentrations 
are required.* In such 
cases the work-coil 

Fig. 1-32. Magnetically-coupled Circuits. should have small 

clearancefromthework, 
and its axial length is also small, so that it is impracticable to use a 
high-voltage multi-turn work-coil from both insulating and cooling 
considerations. A transformer makes it possible to use a single- 
turn low-voltage heavy-current work-loop which can be easily 
water-cooled. Another important point is that the single-turn 
inductor may be machined from a solid block to a high degree 
of precision; it is in fact a machine-part and not simply an 
electrical winding. 

Magnetically-coupled circuits with low coupling factor 
Where the magnetic coupling between primary and secondary 
circuits is loose, and where, consequently, “leakage” fluxes are 
large, it is convenient to refer to the self and mutual inductances 
of the circuits for analysis of behaviour, rather than to try to 
extend the simple treatment already given for the iron-cored trans¬ 
former with approximately unity coupling-factor. Of course, the 
* See, for example, Fig. 6-21. 
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analysis which follows can be applied to the iron-cored transformer, 
but it is not usually necessary to do this. 

The general case of magnetically-coupled circuits is shown in 
Fig. 1-32. 

Li represents that part of the total inductance of the primary 
circuit which is magnetically linked with L 2 , the corresponding 
part of the total inductance of the secondary circuit. 

M is the mutual inductance between Li and L 2 , and is equal to 
KVL 1 L 2 , K being the coupling factor. 

When an alternating current of RMS value L and frequency / 
flows in Li, an E.M.F. is induced in L 2 , of RMS value 

£ 2 = —volts .1-78 

(u)=lTif ); —j indicates that £2 lags i-cycle behind the current L. 

Zyi and Zb are the impedances of primary and secondary circuits 
respectively, other than the reactances of Li and Li\ the total 
series primary impedance alone is therefore: 

Zi-=ZA+joiLi ohms.1-79 

and the series impedance of the secondary circuit is; 

Z 2 —ZB+jo)L 2 ohms .1-80 

The induced secondary-voltage £2 will drive a current I 2 round 

the secondary circuit, given by: 

I2 = —ywM/i |.gj 

Z 2 ^2 

This alternating current will induce a voltage in the primary 
of —joiMh volts, and this must be opposed by an equal but 
opposite component in the supply voltage Vi. The total supply 
voltage is therefore: 

Vi =/|Zi +ju>Ml2 


(jcoM)i—jcoM)' 




Then y=effective impedance presented to supply=Zefr, 

' 6u2A/2 


i.e. 


•^efr—TT—^1 • 

'1 


1-82 


The coupled impedance 

Oi2M2 

—jy— is called the “coupled impedance” and represents the 
^2 

equivalent impedance, due to the secondary circuit, which is in 
effect put in series with the primary self-impedance Zj. 
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Since Z 2 is complex (except at resonance, when it behaves like a 
pure resistance) the coupled impedance will be complex: 

_ , . <t)2Af2 

Z coupled —^ +jX 2 

This expression is rationalised by multiplying numerator and 
denominator by yielding: 

Z coupled- 

The series-coupled resistance in the primary circuit is therefore: 


Z coupled=- 


R coupledohms 


and the series-coupled reactance is: 


X coupled= 


-W2M2 


ohms 


Note the change of sign in the reactance case. This means that 
an inductive secondary circuit behaves like series capacitance in 
the primary circuit, while a capacitive secondary behaves like a 
series inductance in the primary. 

It may also be noted that if the secondary circuit is a tuned 
circuit operating at its series-resonance frequency, then the coupled 
impedance is a pure resistance, of high ohmic value if M is large 
and R 2 small. 

Degree of coupling for maximum energy transfer to secondary 
circuit 

The secondary circuit power is: 

i» 2 =/ 22/?2 watts 

and for a given value of Rz this will be a maximum when h is a 
maximum. 

Now I 2 is given in terms of the mutual inductance M, the 
impedances Zi and Z 2 , and the primary supply voltage, by 
combining equations 1-81 and 1-82: 

in magnitude, and I\=^ 

T i.o< 


J W J jr KUXWM. 

= •ZiZ2-1-w2M2 


This expression has a maximum value when 

ZiZ2=to2Af2, 


1-87 
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gives the coupling for maximum energy transfer to the secondary 
circuit. 

Equation 1 *86 indicates also that for a given degree of coupling 
there is a particular frequency for maximum energy transfer, 
given by: 


.._VZ,Z2 

w = —— 


1-88 


Equation I -87 expresses a particular case of a general principle, 
that maximum power is developed in a load when its impedance, as 
seen by the source, is equal to that of the source. Thus we have, 
from 1 -87, 

ZiZ2=a)2M2 

for maximum power, and the total effective primary impedance is 


.^1 T --^- 


=Z,+^=2^. 

■^2 


The coupled impedance must therefore be equal to Z\ for 
maximum load power. This, however, although a necessary con¬ 
dition, is not a sufficient one, and is amplified in Appendix B. 

The efficiency of power transfer to the load depends only upon 
the coupled resistance Rq and the primary (“source”) resistance /?i; 


ie. 


Rc 

^-Ri + Rc 


It does not follow that the optimum coupling in any particular 
case is that given by equation 1 -87; many transformers and other 
pieces of electrical equipment would be working at considerable 
overload and relatively low efficiency under such conditions, i.e. 
they are usually designed to supply power to a load impedance 
much higher than their internal impedance. An induction-heating 
transformer with an untuned secondary, for example, should be 
designed to have as low internal impedance as possible, to minimise 
the ratio of input to output KVA. 


The air-cored auto-transformer 

A simple matching device, sometimes used in induction-heating 
practice, consists of a coil, to the ends of which the high-frequency 
source is connected; the actual heating coil, usually a single turn, 
is then tapped across one or two turns only of the “primary” 
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coil. The equations derived for two separate magnetically- 
coupled circuits can be applied to the calculation of this auto¬ 
transformer, the appropriate expression for the mutual inductance 
between primary and secondary circuits being found thus: 
Neglecting losses, equation 1*82 becomes 

.1-89 

A2 

Xi is the reactance of the whole (“primary”) coil without secondary 
connections; X^ is the reactance of the secondary circuit (i.e. 
X 2 = Xs+X^c-, see Fig. 1-33 (d)). 

Then ioM= VX 2 iXi-X,(i) 

or M==VL 2 (Li-L^ff) .1-90 

M is, therefore, easily determined from open- and short-circuit 
tests; that is: 

oiM=VXs(Xi-X,i^) . . . . 1-91 

Xs being the reactance of the secondary with primary open, and 
Xiic being the effective primary reactance with secondary short- 
circuited (see Fig. 1 *33 (a), (b), and (c)). 

The power factor, even on-load, is always low (e.g. -1), so that 
little error is involved in this, or in the following expression for 
work-coil current, by using the approximation that reactances are 
numerically equal to impedances. 

From 1-78 E 2 —oiMIx, 

and from 1-81 ^2 




UIJU lAV/XAX A KJ i 7T r 

X2 co(L.s+2^wc) 

The ratio of secondary to primary current is, therefore: 

^_ ^ 1.07 

iriLs^L^c) . 

It is important to keep the effective inductance Z-wc of the work 
coil as small as possible, in order that a large current shall circulate 
in it. This means tight coupling between the work-coil and the 
work, and short closely-spaced leads from the transformer to the 
coil. A current step-up of about 5 is practicable; there is not 
usually any point in tapping across more than one or two turns 
of the primary, and for this condition the coupling factor K is 
about -6 to -7, where: 

M 

y/LiLs 

When used as a matching device between, say, a valve oscillator 


A Summary of the Basic Circuit-theory 


49 


and a heating coil, fine control of power-loading can be obtained 
by shifting the primary connections, or by altering the position 
along the primary at which the “secondary” is brought 
out. 

It is permissible to have two or more secondary circuits on one 
such auto-transformer; if two similar work-coils are used, they 
should be connected at points symmetrically either side of the 
centre of the coil. 

Like the “focus inductor” or “concentrator” transformer 


I I 



(c) (d) 


Fig. 1-33. Air-core Auto-transformer. 

(see Chapter 6) an auto-transformer is used where conditions 
do not permit a long work-coil, of several turns, to be used. 
In general, it is only satisfactory provided that the work-coil 
diameter is small relative to that of the primary coil (say -J- or ^ 
maximum). Its use permits (and requires) close coupling to the 
work-piece as the work-coil voltage, for a given rating, is propor¬ 
tional to the number of turns; the auto-transformer makes it 
possible to use a low-voltage heavy-current work-coil. 
Performance figures for a 16-turn auto, 11' long, 7J' inside 
diameter, woimd from 17/32' copper tubing were: 

4 
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Primary inductance, Li==26 fM. 




Number of secondary turns 

1 

2 

3 

Secondary inductance Ls . 

•3 

•95 

2-3 

Mutual inductance M . 

1-8 

3-6 

5-4 

Coupling factor K . , . 

•596 

•675 

•72 

o . A/ 

Ratio Y~ . 

L>s 

6 

3-8 

2-35 

♦Ratio Y , , 

514 

36 

2-3 


The secondary tappings were chosen so as to locate the secondary 
as nearly as possible at the centre of the coil. 

Skin and proximity effects at high frequencies 
An unvarying current distributes itself among the available 
parallel paths of a conducting system so as to dissipate minimum 
energy, i.e. the current divides in inverse proportion to the resis¬ 
tances of the paths. In a homogeneous conductor, for example, 
the current density is uniform throughout the cross-section, all 
filamentary paths offering equal resistance. 

At very high frequencies the current distribution is such that the 
stored (magnetic) energy is a minimum, even though this may 
mean a great increase in the dissipated energy.f Thus currents 
flowing in the same direction in adjacent conductors follow paths 
which give minimum mutual induction, i.e. the current density 
is highest in the more remote parts of the conductors. Conversely, 
oppositely directed H.F. currents crowd into adjacent parts of the 
conductors. The skin effect in a single isolated conductor is a good 
example of the first case; the H.F. current flows in “filaments” 
which are as widely separated as possible, i.e. on a thin surface 
skin. The effective depth of this skin is only about -07 mm 
for copper at I MC/S. An interesting example of the second case 
(oppositely-directed currents) is seen in Fig. 6-12, where a high- 
frequency current of several hundred amperes is confined to the 
edges of a slot cut in a copper disc. 

The current distribution in a co-axial or concentric H.F. feeder 
is another example of the combined proximity and skin effects; 
current flows on the outer surface of the inner conductor, and on 
the inner surface of the outer conductor. 

Both skin and proximity effects are corollaries of the “law” 
of minimum magnetic energy, and the distribution of high-frequency 

* Used in conjunction with a work-coil of -OS /xH effective inductance, 
t See, for example. The Theory of Electricity, Chapter V, G. H. Livens (Cambridge 
Universi^ Press), 1926. 
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currents will in general be such as to make the effective reactance 
of the whole system a minimum. Thus, in the induction heating 
of metals, the current induced in the charge concentrates in those 
parts of its surface which are closely coupled to the work-coil, 
for then the magnetic field within the charge is a minimum, and 
the effective reactance of the work-coil is, therefore, a minimum 
also. Incidentally, the induction of a current in the charge is 
accompanied by a mechanical force of mutual repulsion between 
charge and coil (the “motor” effect), the force on the charge being 
radially inwards if the charge is symmetrical within the coil. In 
induction-melting furnaces this repulsion gives rise to a stirring 
motion in the molten charge. 



CHAPTER 2 


Arc and Spark Oscillators 


In Chapter 1 (p. 34) it was stated that when a charged 
condenser C is allowed to discharge through an inductive circuit 
LR the discharge current is oscillatory, i.e. alternating (provided 

that R is less than ohms), and that the frequency of this 

current is approximately 2rrVLC 



cat 


III 




M.G. 


T 

Fig. 21. 


Hh 



Mercury Arc Oscillator. 


Fig. 2-1 shows the basic circuit of an arc-oscillator which uses 
this principle to produce trains of damped oscillations of the 
required frequency. 

r is a mains-frequency transformer (50 cycles/sec) having a 

secondary voltage of 
about 6600 volts. 
Cl and C 2 are simi¬ 
lar capacitors, each 
made up from a 
number of units with 
an effective capaci¬ 
tance of about 2 fiF. 
L is the “work” coil 
(e.g. the furnace 

coil in the case of an H.F. furnace) consisting of some 30 turns 
of copper tubing and having a negligible reactance at 50 cycles/sec, 
so that Cl and C 2 are in effect in series across the supply, each 
being charged to one-half of the total voltage. They are thus 
equivalent to a single capacitance of one-half the value of either 
(i.e. about 1 liF effective capacitance) charged to the full voltage. 

MG is a “mercury gap” consisting of a pair of carbon, iron, or 
tungsten-faced-copper rods, each about IJ' diameter, suspended 
above a mercury-pool, and immersed in an atmosphere of hydrogen 
and mercury-vapour. The hydrogen pressure is kept slightly 
above atmospheric, while the mercury-vapour pressure depends 
upon the pool temperature, and is a minute fraction of one 
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atmosphere over the normal working range of temperatme. The 
high ion-mobility of hydrogen is an important factor in the cooling 
of the arc. 

This double gap between the two carbons breaks down at a 
critical voltage, which depends upon the gap lengths, and the gap 
ceases to be an insulator and becomes a very good conductor in 
a matter of a few microseconds. The condensers then discharge 
round the circuit comprising the coU and the double gap. The 
coil current then has the damped oscillatory waveform shown in 
Fig. 1-28 (b). 

The mains transformer has a high leakage-reactance to prevent 
it from passing a heavy 50 cycles/sec current through the gap 
during the time the latter is conducting, so that the major part of 
the gap current is that of the high-frequency discharge. This 
current will have an initial peak value of several hundred amperes 
and the voltage drop across the arc is of the order of 20 volts, so 
that an appreciable amount of power is dissipated in the arc- 
chamber, which is therefore water-cooled. A break in the water 
circuit is provided for visual inspection, and a water-flow switch 
may be incorporated for closing down the plant if the water supply 
fails. 

The voltage to which the condensers charge before the formation 
of the arc across the gap depends upon the gap length, and this is 
controllable by means of a device for raising or lowering the 
mercury level in the chamber. This adjustment provides a simple 
and very effective control of H.F. output power, since the total 
energy per discharge is joules. Fora 50 cycles/sec supply 
there will be not less than 100 discharges per second, each discharge 
consisting of several cycles of a damped H.F. oscillation, as shown 
in Fig. 1-28 (b). 

The H.F. power developed is therefore at least SOCV^ joules/sec 
(i.e. watts), but probably only one-half of this is usefully dissipated 
in the charge within the work-coil, most of the loss occurring in 
the arc-chamber, and the remainder in other circuit-resistance, 
particularly coil H.F. resistance. A small amount of H.F. power 
is radiated, and may cause severe interference with telephone and 
wireless communications, the more so because the waves are 
damped, and so really consist not of a single frequency, but of a 
wide band of frequencies ranging around the nominal oscillation 
frequency. It is therefore essential that such equipment be well 
screened to reduce radiation to a negligible amount. Notes on 
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screening are given in Chapter 8. Apparatus of this kind, working 
on a nominal frequency of, say, 20 KC/S (15,000 metres), may 
cause radio interference on short and ultra-short wavebands, 
if metal screens and mains-filters are not fitted. 

Until the gap breaks down and the arc is formed, the mains 
transformer is working into a purely capacitive load. Consequently, 
the terminal voltage of the secondary (i.e. the total condenser 
voltage) is greater than the open-circuit value, as the transformer 
leakage-reactance voltage due to the leading current is in phase 
with the induced secondary voltage. The leakage reactance is 
usually about 100%, that is, the transformer-reactance voltage is 
equal to the induced voltage if the condenser current is the rated 
full-load current, which is the usual case. Under these typical 
conditions the condensers are being charged from a source 
the voltage of which may be twice that given on the maker's 
name-plate. 

Some idea of the magnitudes of current, voltage, and power in 
generators of this type may be got from the following example: 

Supply frequency, /=50 cycles/sec. 

Secondary voltage (rating)=6600. 

Cl=C2=2'4/xF, i.e. Cefr=l'2 ^F. 

F= voltage at which gap-breakdown occurs 
= 14,000, say (adjustable). 

Z.=50/xH. 

Energy per discharge=iCF2 joules 

=i X 1-2x14,0002 X 10-6 
= 118 joules. 

Total H.F. power, assuming one oscillatory discharge per half¬ 
cycle of mains supply: 

=2/xiCF2 
= 100x 118 watts 
= 11-8 KW. 

Initial peak current: 

h^Vs/z 

= 14 , 000 ,/^ 

=2170 amperte. 
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Oscillation frequency: 

• I'n^/LC 

106 

2irV50 X 1 -2 
=20,500 cycles/sec. 

Critical value of circuit-resistance: 

^=12-9 ohms. 

The total Circuit-resistance, including that of the arc and the 
work-coil, will normally be considerably less than this. 

Mercury-arc oscillators normally operate at frequencies between 
10 KC/S and 80 KC/S. Power considerations necessitate fairly 
large capacitance values (of the order of 1 /xF), and the inductance 
values of typical loaded coils are such as to bring the oscillation- 
frequency within this range. 

It is quite usual for several oscillation-trains to occur (e.g. 6 or 8) 
in each mains half-cycle, the breakdown occurring at a corre¬ 
spondingly lower voltage; nevertheless, the H.F. power is of the 
order indicated in the simple treatment given above. 

Determination of efficiency of energy-conversion 

The obvious basis for calculation of efficiency is the ratio: 

Useful energy supplied to load 
Energy input from 50 cycles/sec mains’ 

The load-energy is conveniently measured calorimetrically, and 
input energy can be obtained from watt-hour meter readings, or 
watt-meter and time readings. Alternatively, the loss-energy can 
be calculated from readings of inlet and outlet temperatures of 
cooling-water supplied to the arc-chamber and work-coil, together 
with measurements of rate of flow in each cooling system. 

The useful energy supplied to the load is then very nearly 
=(Total electrical input—total energy to coolant). 

The efficiency of the oscillatory circuit (in which most of the 
losses occur) can be determined with the aid of an oscillograph. 
A ring-coil of a few turns placed near to one end of the work-coil 
will have an E.M.F. induced in it of similar waveform to that in 
the work-coil, and this may be traced on the screen of a 
cathode-ray tube having its y-deflection plates connected to this 
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“search-coil”. The sort of trace which is obtained is shown in 
Fig. 2-2. 

If one train of damped oscillations occurs every secs {f ,=mains 

supply frequency) it may be possible to measure fairly accurately 
the oscillation frequency from the oscillogram; it is better, however, 
to use even a simple form of calibrated “frequency meter” for this 
(see Chapter 8). Now it can be shown that the number of cycles 

which occiu before the oscillation-amplitude is p of its first peak- 
value is given by ; 


8 being the logarithmic decrement of the circuit (p. 35) and 
equal to ttRcoC; 



Fig. 2-2. Oscillatory Waveform of Arc Oscillator (for simplicity, only one 
discharge per mains half-cycle is shown). 


i.e. 


. . . 2-2 

and 

.... 

/I— 1 

. . . 2-3 


If, therefore, oscillograms are taken for no-load and loaded 
conditions, and 8 and /n determined as indicated, the effective 
value of R can be calculated for each condition. 

Thus, if /?o== effective R on no-load, 

and /?£=effective R on load, 

then the oscillatory-circuit efficiency will be: 

i7=fc^xl00%.2-4 

In calculating 8, a value of 2, 5, or 10 may be found convenient 
for P. 
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Fig. 2-3 illustrates a 20-KW mercury-arc type H.F. generator 
with a small melting furnace, made by the Ajax Electrothermic 
Corporation. 

The spark oscillator 

A similar circuit to that shown in Fig. 2'4 is used in conjunction 


i 



[Courtesy of Birlec Ltd. 


Fig. 2-3. Ajax 20-KW Mercury-arc High-frequency Generator. 

with a spark-gap instead of an arc. Actually several gaps are 
arranged in series to facilitate cooling. Each gap is about four- 
thousandths of an inch long, between tungsten discs of about 
1* diameter, the discs forming the end-faces of brass cylinders. 
Some of the cylinders are water-cooled, the remainder air-cooled. 
The “Lepel” unit, for example, has 48 water-cooled and 12 air¬ 
cooled gaps.(«) 


58 Industrial High Frequency Electric Power [il 

The condenser Q is made up from a number of capacities 
in series, with tappinp brought out to a stud switch, to provide 
a means of controlling the output power, maximum power 
corresponding to minimum number of condensers in circuit. 
Inductances Li are air-cored coils arranged for smooth variation, 
and are tuned to give maximum tank current as indicated by a 
thermocouple meter in a loop circuit loosely coupled to the 
work-coil leads. Safety devices include interlock switches on doors 
and inspection plates; water-flow switch for opening the mains 




[Courtesy of Lepel H.F. Laboratories and Gaston Marbaix. 
Fig. 2-4. Lepel 35-KVA Spark Oscillator. 

R: Damping resistors‘0125 i?. 

Z,]: Tuning inductances. 

Cj: Power-control condensers (several series units; variable from •! ^tF to 
•4 mF). 

C 2 : Isolating condensers; -02 pF effective, each. 

C 3 : Tank condenser • 15 ^iF effective. 

L 2 : Work-coil. 

SG : Multiple spark-gaps. 

T: High-voltage transformer: Primary 440 V, 75 A, Secondary 14,000 V, 
2-3 A. 

supply circuit if insufficient water is fed through the spark-gap 
cylinders and work-coil; and a relay, also in the mains supply 
to the high-voltage transformer, which closes only when the air- 
fans are energised. Units of this type have been constructed 
having a rating of 25-35 KW. The frequency range is about 100 
to 300 KC/S, and the units are particularly suitable for localised 
heat-treatment work (see Chapter 6). Screening of the power 
unit and work-coil is necessary. The multiple-gap arrangement 
gives very rapid quenching of the spark and consequently a very 
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large number of oscillation-trains occur during each half-cycle 
of the supply. Thus it is possible to use small capacities and so 
generate relatively high frequencies. 


Load 

I—'VWV'——I 




The inverter(’> 

Mercury-arc valves can be used for the inverse process to that 
of rectification, i.e. they can be made to produce A.C. power 
from a D.C. source, at a high conversion efficiency. Unfortunately, 
the frequencies obtainable are relatively low, owing to the time 
required for de-ionisation of the arc-path. Thus, using a normal 
grid-controlled mercury-arc rectifier, the upper frequency limit 
is about 1000 cycles/sec for reliable 
operation; frequencies up to about 
15,000 cycles/sec have been achieved 
using thyratrons on low power. 

Ignitrons, in which a mercury-pool 
cathode is used without the dis¬ 
advantage of permanent ionisation 
due to a “keep-alive” circuit, might 
perhaps enable the inverter to 
challenge the H.F. alternator in the 
future. It is unlikely that it wiU 
ever be suitable for frequencies ex¬ 
ceeding 10,000 cycles/sec. 

There are several circuit arrange¬ 
ments. One of the simplest, and 
probably the most suitable for in¬ 
dustrial H.F. power generation, is 
the type shown in Fig. 2-5, in 
which two valves are operated in 

parallel, each valve conducting alternately and so producing an 
alternating flux in the transformer core, and A.C. power in the 
load. Separate excitation from an external source is shown; 
it is possible to derive a suitable control-voltage for the grid- 
circuits from the output transformer. 

It is a characteristic of the mercury-arc valve that, once the arc 
is formed between plate (anode) and cathode, it can be extinguished 
only by reducing the plate voltage to a low value; in practice, 
the plate voltage is reduced to zero or, more often, driven negative 
(relative to cathode potential) in order to extinguish the arc. In 
the parallel-type inverter, the initiation of an arc in one valve 
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(say Vi) is caused to drive the plate voltage of the other valve, 
V 2 , considerably negative for a short time, and so extinguish the 
arc to that plate. This is achieved by virtue of the charge accu¬ 
mulated in the commutating condenser C during the period of 
current flow through F 2 ; for when Vi conducts, the volt-drop 
across it is very small (e.g. 15 volts) so that the left-hand terminal 
of C is in effect connected to the common cathode-point, and the 
polarity of C at this moment is such as to make the plate voltage 
of F 2 negative. During the time that Fj is conducting, C is 
re-charged with the reverse polarity, and in due course, when the 
grid voltage of F 2 initiates a new arc in F 2 , the plate of Fi is driven 
negative. 

The waveform of the output voltage varies considerably according 
to the circuit constants, but the fundamental frequency of the 
output is that of the exciting source. The magnitude of the output 
voltage also has a wide range of possible values, and may even 
rise (when referred to the whole primary winding) to 20 or more 
times the D.C. supply voltage if the load power-factor is low and 
lagging. 

Wagner<7) has published a complete analysis of the operation of 
the parallel-type inverter, and has set out a basis for design. In 
this he uses a design constant K defined thus: 

Condenser KVA 
Load KVA 
=4YZ 

for the particular case of T 2 =\T\ {T\ and Tz are total primary and 
secondary turns). 

In general, for any transformer ratio: 



where Z=load impedance at the nominal (i.e. control source) 
frequency / 

= ohms, 

Y=2nfC reciprocal ohms. 

The load power-factor cos <l>= 2 - 

Curves are given in the article referred to showing primary and 
secondary waveforms for a wide range of values of K and load 
power-factor. 
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Fig. 2-6 relates relevant design quantities with K and power 
factor, and enables the necessary design calculations to be made.* 
The procedure is: 

(1) Determine the load impedance and power factor. 

(2) Determine the effective (i.e. R.M.S.) value of load voltage 

E 2 

El required for given power {P=-^ cos ^). 



Fig. 2‘6. Inverter Design Curves. {After Wagner)P>>'). 

(3) Select a value for K, and hence calculate the appropriate 
value for C. K should be made approximately unity. Larger 
values for K give longer available de-ionising time, but much 
poorer voltage regulation with change of load power-factor. 
When K=-\, the condenser KVA equals the load KVA. 

(4) From the appropriate curve in Fig. 2-6 read off the value 
PZ 

of and hence calculate the required D.C. supply voltage E. 

* In this figure, the current / is the D.C. input, i.e. Idc in Fig. 2-5. It is 
assumed that the inductance is infinitely large, so that this current is constant. 
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The vertical scale of the graph is correct for the particular case 
of Ti^T\ where T'sa^Ti (i.e. secondary winding identical with 

T' 

each half of the primary). For the general case of ^ =«, vertical 

•*2 

scale readings must be divided by n^. For given load-power, 
the required D.C. voltage decreases and current increases as K 
increases; from this point of view it is desirable to keep K small 
since the heavier current increases de-ionisation difficulties. 

In connection with item (3), Wagner suggests, as an empirical 
rule for K : 

K= Vi —(power factor)^. 

- P/ate volts of one valve, K= I S 



This will give a de-ionisation time greater than one-tenth of 
the cycle time, except for power factors higher than -99. 

For a chosen capacitance of commutating condenser, an increase 
in load resistance (i.e. a decrease of load-power) increases the value 
of K. Hence if the inverter is stable at full load, it will operate 
on all lighter loads since the available de-ionising time will be 
greater. 

The output voltage and the corresponding plate-cathode voltage 
of one valve are shown in Fig. 2'7 for the particular case of 1 -5, 
power factors-8 lagging. The effect of the value of K on the 
time available for de-ionisation can be seen by comparing the full¬ 
line graph of plate voltage (iir=l-5) with the dotted-line graph 
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(Ar=l‘0). It will be seen that the choice of a value of K requires 
the careful consideration of several conflicting factors—voltage 
regulation, de-ionising time available, D.C. volts required, and 
magnitude of current in the arc to be extinguished. 

It is possible to compensate for the bad voltage regulation which 
results in excessive rise in output volts as load is removed. One 
method is to reduce the commutating capacitance as the load 

3’Ph. Transformer 






Fig. 2-8. Inverter with Three-phase Input. 


becomes lighter. Alternatively, if the D.C. input power is obtained 
from a grid-controlled rectifier, the output voltage of this rectifier 
can be automatically reduced as the inverter load is removed (see 
“Power Supplies”, Chapter 8). 

The series choke Li in the D.C. line should have a high reactance 
to currents at the operating frequency /, preferably at least twice 
the load impedance. 
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Inverters nith A.C. input 

If the D.C. source (Fig. 2*5) were replaced by an A.C. source 
having a frequency which is low relative to that of the output, 
the inverter would function during input half-cycles over which 
the supply voltage has the polarity indicated in Fig. 2-5. An 
arrangement is shown in Fig. 2-8 for a three-phase mains-frequency 
input, giving single-phase high-frequency output power to an 
induction-furnace load. The mercury-arc converter may contain 
all six anodes in a single vessel, or six separate units may be used. 
The operation is similar to that of a normal three-phase half-wave 
rectifier (see Chapter 8), in that the current in the reactor Li is 
unidirectional and each phase in turn supplies current, but differs 
in that two anodes are associated with each phase. Each pair 
of anodes carries current in turn, normally for one-third of each 
supply period; during this time the current is carried alternately 
by each of the two anodes, exactly as in the arrangement shown in 
Fig. 2-5, due to the combined effects of grid-excitation and 
capacitance-commutation. 

The transformer windings associated with the three pairs of 
anodes are arranged on a common core to supply single-phase 
H.F. power to the winding Ta, as they do not transform any three- 
phase current. The commutating action of a capacitor is trans¬ 
mitted to the inverter through this transformer, the load-capacitor 
bank being made large enough to produce commutation in addition 
to neutralising the reactance of the furnace coil and the transformer. 

Inverters for induction-furnace work are made self-exciting, 
i.e. they are oscillators. Consequently, the output frequency 
varies somewhat with load conditions; this is not objectionable, 
and is preferable to capacitor-switching which would be required 
if the frequency were held constant. Units operating from a 
three-phase input have been built having ratings up to 300 KW, 
and units of 1500 KW are planned; their static nature and high 
power-conversion efficiency (over 90%) are valuable features, 
and their increasing application to induction melting, and to 
through-heating of billets for forging, seems certain.* 

♦ See (i) British Patent No. 510,005. 

(ii) “Mercury Arc Frequency-Changing Equipment for Induction 

Heating,” S. R. Durand, Iron and Steel, 1947, Vol. 24, No. 14. 

(iii) “Electronic Frequency Converters for Induction Melting Furnaces,” 

S. R. Durand, Iron Age, Sept. 25th, 1947, Vol. 160, No. 13. 

(iv) Article by H. F. Storm, AUis-Chalmers Electrical Review, March, 

% i\Ae ^ ^ 



CHAPTER 3 


High-frequency Alternators 


The wound-rotor alternator 

Fig. 3-1 ILLUSTRATES the principle of this type of alternator. 

The machine consists of two essential parts: The rotor or field 
system, and the stator, the armature or energy system. The 
stator is built up from thin steel laminations; a “solid” construction 
(e.g. a forging) may be used for the rotor, though ring-laminations, 
keyed to a forged or- fabricated spider, are usual in large machines. 

An 8-pole rotor is 
shown for simplicity; 
a much larger number 
of poles is usual in 
H.F. alternators. Each 
pole is excited by its 
own field-coil, supplied 
from a D.C. source; 
sometimes alternate 
poles only are wound. 

An armature-coil is 
wound around each 
stator-projection cor¬ 
responding to a rotor- 
pole. For the rotor 
position shown in Fig. 

3-1, it is clear that a 
large part of the total 
flux of each pole passes 
through, and therefore links with, the corresponding coil. If 
the rotor now be imagined to have moved through ^ revolution, 
again each stator-coil is linked by a large flux, but the direction 
of this flux through the coil is reversed, north and south rotor- 
poles having been interchanged for each coil. 

Thus in J- revolution {p—pairs of rotor poles) the flux through 
2p 

each coil has changed from 0 lines in one direction to 0 lines in 
5 65 



Fig. 3-1. Principle of Wound-rotor High- 
frequency Alternator. 
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the reverse direction, i.e. the total flux-change for each coil is 
2d> lines. 

A similar reversal of flux takes place every ^ revolution. For a 

rotor speed of n revolutions/sec, the time of one such flux reversal 

is seconds. 

Ipn 

The average rate of change of flux through a coil is therefore: 

The average voltage thus generated in each coil is: 


=4pn^T. X10“* volts, 
where 7’= number of coil turns. 

If the flux-reversals through a coil are sinusoidal, a sinusoidal 
voltage is generated having an RMS value of 1-11 xE^^,, so that 
£'eoii=4-44/>rt<P7’.]0-8 volts .... 3-1 


It will be clear that a complete cycle of flux-change takes place 
every ^ revolution, so that the frequency, i.e. the number of 

complete cycles per second, is: 

f=pn .3-2 

A speed of about 1500 or 3000 r.p.m., i.e. n = 25 or 50 r.p.s., 
is usual, the alternator being driven by an induction motor or a 
synchronous motor from a 50 cycles/sec supply. 

Similar voltages are generated in all the coils, which may be 
connected in series or series-parallel to give the required output 
voltage, and current-carrying capacity. Relatively high voltages 
(e.g. 1000 volts) are usual. Tlie alternator output voltage is 
controlled by the D.C. rotor-field excitation. The D.C. supply is 
obtained from a generator coupled to the alternator, or, alternatively, 
from a rectifier unit supplied directly from the 50 cycles/sec mains. 

Wound-rotor machines are used for frequencies up to about 
2000 cycles/sec (80 poles, 3000 r.p.m.), and with power ratings 
up to at least 500 KW. Practical constructions differ from the 
elementary type shown in Fig. 3-1 in three respects; 

f 

(1) The number of poles is large, P—^ pairs. 
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(2) The stator may be wound for a two-or three-phase output. 

(3) The stator windings are located in slots, rather than 
around polar-projections. 

The rotor of a high-frequency alternator of this type is, therefore, 
a toothed cylinder, with the exciting winding arranged in the 




[Courtesy of English Electric Co, Ltd, 

(b) 

Fig. 3-2 (a) and (b). Wound Rotor for 2200 cycles/sec Alternator. 


slots in a similar fashion to that shown for the stator winding of 
Fig. 3'10. (This figure refers to an inductor alternator, but the 
stator-winding diagram is. applicable to both rotor and stator of 
the wound-rotor type of machine.) 

The rotor is given a smooth finish by enclosing the ends of the 
field-coils in brass end-bells. Fig. 3’2 (a) shows such a rotor just 
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after winding; the finished rotor, complete with end-bells, slip- 
rings and fan, is seen in Fig. 3*2 (b). 

The rating of the actual machine was 150 KW, single phase, 
1200 volts, 2200 cycles/sec at 3000 r.p.m. 

Under load conditions the armature-winding ampfere-turns set 
up a reaction magneto-motive force which may either oppose or 
assist the rotor M.M.F., depending upon the power factor of the 
load being a lagging or a leading one respectively. Hence the 
generated E.M.F. on load may be smaller or larger than the no-load 
value for the same field-current. Also the terminal voltage V 
of the alternator on load will be less than the generated E.M.F. Eg 
by an amount IaZa, with due account taken of phase, where Ia 
=armature current in amperes, and Z^=armature impedance in 
ohms. Za is a complex impedance, Ra -I- JXa, Ra being the armature 
resistance and very small compared to Xa, the armature reactance. 

The percentage change in terminal voltage when load is switched 
olf is called the Regulation, i.e. 

% Regulation x 100, 

for that particular load and power factor. The effects of armature 
reaction and reactance are illustrated in Fig. 3-3. 

The regulation of high-frequency alternators is inherently high, 
because of the large internal reactance (though this is sometimes 
partially compensated by means of a series condenser), and the 
terminal voltage variations are further accentuated, in induction¬ 
heating work, by the changes which occur in load power-factor 
during a heating cycle. It is not always possible to correct these 
changes fully, and some form of automatic voltage-control is 
nearly always used, e.g. Thyratron or Amplidyne regulator. 

The voltage available at the load is further reduced by the 
(mainly reactive) impedance of the bus-bars or cable between 
alternator and load. Information on bus-bar reactances will be 
found in Chapter 9. 

Load power-factor correction 

The normal applications of H.F. alternators involve induction 
effects associated with a magnetic field produced by the load 
current. (Examples are induction-heating, and magnetic operation 
of vibrating apparatus.) Consequently, the effective load on the 
H.F. alternator is nearly always a combination of inductance 
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and resistance, and the alternator works into a load having a 
lagging power factor. The heating of the armature coils sets a 
limit to the current which may safely be allowed to flow, and this 
heating will be the same, for a given current, irrespective of load 
power-factor. The power developed in the load, on the other 
hand, is directly proportional to load power-factor, cos <f>. 

P\oa6=VlL cos <f> watts 

where cos <f>=^ ^cos <f> = when ^->-90°^ 



•jjr ^ 75^ = Resultant effective po/e m.m.f. 
producing the pole flux 

Fig. 3*3. On-load Vector Diagram for High-frequency Alternator. 


It is essential, therefore, to compensate for the inherent low 
lagging power-factor of the induction-load, in order that the required 
amount of load-power shall be obtained for a reasonably small 
power dissipation in the alternator windings and the leads. This 
is achieved by using correction-condensers (Fig. 3*4), which take 
a leading-current from the alternator. If the condenser current 
is made equal to the reactive component II sin <}> of the load- 
current, then the alternator current will be in phase with its 
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terminal-voltage, and will be a minimum for that particular value 
of load-power (see also Fig. 1 -24 (a)). 

A bank of condensers is always used with switchgear for selecting 
the amount of capacitance required for minimum alternator 
current at a fixed terminal voltage, i.e. the capacitance for correction 
to unity power-factor. 

In the inductor-type alternator, operating at frequencies above 
1000 cycles/sec, it is also necessary to compensate for the high 
internal reactance of the machine itself, due to its armature- 
inductance ; for this a series condenser is used. 

The motor-alternator set. Fig. 3-5, is a G.E.C. unit installed at 
Brockhouse Castings Ltd, Wednesfield, for steel melting. The 
alternator rating is 400 KW, single phase, at 1000 or 2000 volts, 
1000 cycles/sec. It has 80 poles, alternate poles only being wound. 


4 



Fig. 3’4. Load Power-Factor Correction. 


and the speed is 1500 r.p.m. To minimise windage losses and 
noise, the surface of the rotor is given a smooth cylindrical finish. 
The rotor shaft is of non-magnetic steel. 

Stranded conductors are used for the stator windings to reduce 
skin-effect copper losses. The stator core is built up of thin silicon 
steel laminations varnished on both sides, and the core clamping 
rings are made of bronze to minimise stray load losses. 

The main exciter for the alternator field is a 13-3-KW 140-v 
compound-wound D.C. generator directly coupled to the alternator 
shaft. There is also a pilot exciter, belt-driven from the main 
shaft, rated at 320 volts, 2*25 amperes. Two exciters are used to 
obtain very rapid regulation of the H.F. output voltage. 

The induction motor is a standard 650-h.p. slip-ring machine, 
400 volts 50 cycles/sec., three-phase, with brush lifting and short- 
circuiting arrangements, and is hand-started by means of a liquid 
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starter. Both motor and alternator are cooled by filtered air 
blown axially through them. 

The plant supplies power to three steel-melting furnaces of 
3-cwt, 5-cwt, and 10-cwt capacity respectively. The two smaller 
furnaces operate at 1000 volts and may be used together or 
independently; the larger furnace is used alone, at 2000 volts. 
The alternator voltage is changed by appropriate interconnection 
of stator leads. Each furnace is contained in a steel casing which 
houses a laminated magnetic circuit,the inductor coil, and the 
refractory lining. The inductor is made up from several sections 



[Courtesy of G,E,C. Ltd. 


Fig. 3-5. G.E.C. 4(X)-KW 1000 cycles/sec Motor-altemator Set. 

in series, each section consisting of a number of turns without 
joints and being independently supplied with cooling water. 

The H.F. correction condensers and contactor gear used in 
conjunction with the 1000-cycle alternator and furnaces described 
are illustrated in Fig. 3-6. A bank of fixed condensers is per¬ 
manently connected in circuit; four banks of switched condensers 
are available for maintaining the power factor as near to unity as 
possible under changing load conditions during melting. Each 
bank is divided into two equal parts suitable for 1000-v working, 
and each part can be operated independently when using the 
smaller (1000-v) furnaces. The two parts are connected in series 
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[Courtesy of G.E.C. Ltd. 

Fig. 3*6. Banks of Fixed and Variable High-frequency Condensers, 
and Contactor Gear. 


for use at 2000 volts with the large furnace. The condensers 
consist of a number of naturally-cooled unit boxes, containing 
oil-immersed condenser spools of special design for H.F. service. 
A fan supplies filtered air to the condenser room for cooling, and 
an interlock on the fan starter prevents power from being supplied 
to the furnaces until the fan is running. 
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Inductor alternators 

It seems probable that, for industrial applications requiring 
frequencies higher than 400 cycles/sec, the wound-rotor high- 
frequency alternator will be entirely superseded in time by the 
inductor alternator, which is both cheaper and more efficient. 

The high peripheral speeds, up to 100 metres/sec, and large 

(«) 


A\ Stator lamina¬ 
tions. 

B: Stator frames 
or yokes. 

C: Magnetic dis¬ 
tance-piece. 

£>: Armature 
winding in 
semi-closed 
slots, y. 

, E: Rotor lamina¬ 
tions. 

F: D.C. field 
coil. 

G : Steel spider. 


H : Rotor profile. 
/:3_Stator-slots. 


ib) 

[Courtesy of B.T.-H. Ltd, 

Fig. 3-7. Homopolar Alternator with Split Stator Frame. 
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number of rotor teeth which are permissible in the inductor type 
make frequencies up to 50,000 cycles/sec possible. 

Two basic types of inductor alternator are in common use. 
Both have toothed cylindrical rotors, usually laminated, and differ 
essentially only in the method of producing the working flux. 
Figs. 3-7 and 3-8 show the principal features of the two types. 

Fig. 3-7 shows the homopolar type of inductor alternator, 
which, in its present-day form, differs only in constructional details 
from the machine designed and constructed by B. G. Lamme 
in 1902.(10) There are two laminated stator-rings fitted tightly 
into a steel yoke; the rings are slotted for the stator (A.C.) windings. 
The rotor consists of a pair of toothed cylinders, the number of 
rotor teeth or poles being half the number of stator-teeth. The 
magnetic circuit consists of both stator-rings, both rotor-cylinders, 
the yoke and the cast-steel rotor-centre, and is excited by means of 
an annular coil supplied with D.C. 

Each stator-coil embraces one stator-tooth, the flux in which 
depends upon the rotor position, being large when opposite a 
rotor-tooth, or small when opposite a rotor-slot. A complete 
cycle of flux variation in a stator-tooth (and therefore through a 
coil) occurs for a rotor movement of one rotor-tooth-pitch, and 
the frequency of the induced voltage is therefore: 

/=/?,« cycles/sec.3-3 

where p,=number of rotor poles or teeth, 

«=rotor speed in revs/sec. 

Machines of this type have been constructed for frequencies 
up to 15,000 cycles/sec, though the majority are for frequencies 
between 1000 and 10,000 cycles/sec. See also Fig. 3-15. 

The second type of inductor generator (Fig. 3-8) is a heteropolar 
machine; that is to say, whereas in the homopolar type the whole 
of one stator-ring behaves as one pole (either N. or S.), in this case 
the stator consists of 2 or 4 slotted poles of alternate polarity 
(N., S., N., S.), each pole being excited by its own D.C. winding 
as in a D.C. machine, which it resembles closely in this respect. 

The slots in the pole-faces contain the A.C. coils, and the relation 
between stator- and rotor-teeth is the same as for the homopolar 
type. The principle of operation is the same for both types, and 
the details of calculation given later apply equally well to either. 

There are certain advantages in the heteropolar arrangement. 
For example, the time-constant of the field system is much lower 
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than in the homopolar machine, and this makes possible rapid 
changes in power output, such as are required in multi-stage heat- 
treatment processes. Also, only one stator-core is used, and the 
yoke may be made of a light alloy as it does not carry the flux. 
It will be noticed that there is an alternating flux in the rotor of 
this machine of frequency fr=PDcn, where poc is the number of 
pairs of D.C. stator-poles. 

H.F, alternators inherently possess a large armature reactance 
(uLa, and this would, if uncorrected, result in a large reduction in 
terminal voltage when put on load. It may, in fact, be impossible 
to develop appreciable power in an external load. It is usual, 
therefore, to employ series capacitance (Fig. 3-9) to “neutralise” 
the armature reactance partially; if the series-condenser reactance 
Xc is made equal to the armature (inductive) reactance A'^, and the 



Fig. 3-9. Vector Diagram for Loaded Alternator showing effect of Series 

Condenser. 

external load is purely resistive, the circuit behaves like the series- 
resonance circuit described in Chapter 1. 

In Fig. 3-9 La represents the armature (i.e. stator) leakage- 
inductance which gives rise to the reactance Xa=<aLa ohms. 
Ra is the armature resistance, C the series capacitance, and R the 
load resistance. For resonance conditions, i.e. Xa=Xa, the 
circuit current is: 

£ 

/= ^ ; Eg =generated voltage. 

Terminal voltage=V +Fc^ volts. 

Load voltage = volts. 

Load-power=FR/=/2i? watts. 

Note that if the load-resistance were zero (i.e. machine connected 
directly across C) the circuit current would be limited only by 
Ra, while armature and condenser voltages would rise to very high 
values. These points are illustrated in Fig. 3*14, which shows 
performance curves of an inductor generator. True resonance is 
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avoided, in practice, by only partially compensating for the 
armature reactance. 

The arrangement of rotor and stator teeth and slots, and the 
method of winding the stator-slots, is shown in Fig. 3’10. The 
flux-distribution in the gap is also shown. 

An armature-coil consists essentially of the two coil-sides 
embracing a tooth. The E.M.F. induced in a coil can be calculated 


0 



Fig. 3‘10. Arrangement of Stator- and Rotor-teeth, Stator Winding, and 
Gap-flux Waveform for Conventional Inductor Alternator. 


either from a consideration of flux-linkages, or, more conveniently, 
from the conception of flux-cutting. From this latter point of 
view, the E.M.F. in a conductor of length / cms being “cut” by a 
magnetic field of density B lines/cm^, having a relative velocity 
of V cms/sec, conductor, field, and motion being all at 90° to one 
another, is; 


e=5/ux 10-* volts 


3-4 
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It is seen from this expression that the voltage generated in the 
conductor varies in exactly the same way as the flux-density varies. 
Thus in Fig. 3-10 the flux-distribution round the gap of the inductor 
alternator is represented by a trapezium-shaped wave, its density 
varying from Bmm to Baax- When the rotor moves, the effect is 
as if this ffux-wave moved with it, though the wave-shape will 
vary somewhat with different rotor positions; this variation will 
not be large in the case of semi-closed stator-slots. 

The flux cutting any conductor in one stator-ring varies between 
•Bmax and 5mi„, but does not reverse. Thus for a single-turn coil, 
with its coil-sides located in adjacent slots, the total generated 
voltage is the difference between the voltages in the coil-sides. The 
maximum E.M.F. in coil-side No. 1 is: 

^’l=5max/v.l0-8 VOltS 



Fig. 3-11. Coil-side E.M.Fs and Resultant Coil E.M.F. for Fig. 3-10. 


and at this instant the E.M.F. in coil-side No. 2 is: 

e2=5n,in/t>. 10-® volts. 

The maximum coil-E.M.F. is therefore: 

^coa = ^l-e 2 = (fimax-jBinin)/v.lO-8 volts . . 3*5 

One half-cycle later, when the rotor has moved a stator-slot 
pitch, the coil-E.M.F. is again a maximum, but has reversed, since 
et is now the greater and e\ the smaller voltage. The E.M.F. 
wave (et —e^ is shown in Fig. 3-11. 

For a winding consisting of S coils in series, with Z conductors 
in series per stator-slot, the maximum generated voltage is: 

^Omax“ 10-* volts . . 3 6 

where Z=number of conductors in series per stator-slot 
/=axial iron-length of stator, in cms 

number of coils in series, in one complete circuit of the 
stator windings 

v=peripheral speed of the rotor, in cms/sec. 
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The arrows on the armature-conductors in Fig. 3 10 represent 
directions of E.M.Fs at, for example, the moment of m ax imum 
voltage. The rotor position shown in the diagram corresponds 
to the moment of zero voltage. 

The author is indebted to Prof. N. M. Oboukhoff for permission 
to include the following notes on a design method for these 
machines. For a detailed treatment, reference should be made to 
Prof. Oboukholf’s papers on the subject.o^) 

Putting 

£^max=amplitude of fundamental component of E.M.F. 
wave 

E 

E=—!^=RMS value of fundamental component of 
. E.M.F. wave 



Fig. 3-12. Rectangular, Trapezoidal and Sinusoidal Flux Waveforms. 


n ^max 

Pi p 

-^Omax 


■^Omax 


V2 


then £'=j3(l—a)finiax-^/‘Su. 10-8 volts ... 3-7 

Now the actual distribution of gap-flux can be represented, in 
any particular case and with sufficient accuracy, by one of the 
several wave-shapes shown in Fig. 3*12, i.e. rectangular, trapezoidal, 
or sinusoidal. These wave-shapes also represent the armature 
E.M.F. time-graph, since the windings are concentrated into one 
effective slot per pole-pitch. 

Rectangular and sinusoidal waveforms of flux-distribution (and 
therefore of E.M.F.) are limiting cases, for which: 

4 4 

Rectangular waveform: j8i=-=l-27; S=—r==-905, 

TT ^ V 2 
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sine cvirve-: 


i3i = l; )3=^=-707, 


and in practice, therefore-: l</3i<l'27, 

and •707<i3<-905. 


For trapezoidal waveforms a value of /3=-8 to -9, i.e, average 
value=-85, can be taken. 

For high-frequency machines, especially with rotor-teeth slightly 
rounded, the E.M.F. waveform is approximately sinusoidal, so 
that may be taken as -707 to -8, average value -75. 

The effect of armature reaction is much less in these basic 
inductor-generators than in normal machines, so that the generated 
E.M.F. on-load is practically the same as on no-load; the armature- 
flux behaves practically entirely as leakage-flux, i.e. it results in the 
armature reactance already mentioned.* Thus the armature 
reactance can be measured reasonably accurately at standstill, 
the armature being supplied from another source with current at 
the appropriate frequency. The reactance value corresponding 
to the rotor position shown in Fig. 3-10 is then used for calculation 
purposes. Alternatively it can be determined from a resonance 


test, when its magnitude wilt be equal to the reactance 


1 


lirfC 


of the 


series condenser which gives maximum current in a resistive load. 
In design the armature reactance may be estimated as follows: 


Armature reactance=ajLo=27r/La ohms. 



where La=inductance of complete armature-winding 
L=inductance of 1 circuit 


M=number of parallel circuits in armature-winding. 

L=JZ2/S. 10-8 henries .... 3-8 

where J=flux linked with an armature-coil, per unit length of 
stator-core, and per ampere-turn of stator-slot. 

Combining equations 3-6, 3-7, and 3-8, the following design 
formulae are obtained: 

.... 3.9 


♦ Armature reaction is not negligible in certain types with special notchings, 
e.g. Fig. 3*18, in which armature-windings are concentrated in a few slots. 
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5/= 


£.108 
J Z2 


310 


^,A £2 10 « 

’^‘-L j32 -a)2 


311 


a can be calculated, or estimated graphically, or determined 
experimentally. Prof. Oboukholf states that A has an almost 
constant value, being about 14 for semi-enclosed stator-slots 
and about 10 for open slots. It can be calculated for any particular 
magnetic circuit, or experimentally determined. 

The procedure for design of the inductor type of machine may 
now be outlined: 

Rotation-speed n and peripheral-speed are chosen; v=100 to 
140 metres/sec for H.F. machines with reasonably “smooth” 
rotors. The rotor diameter, D, is thus fixed from: 


D=—. 

■nn 


The pole pitch; Pr=J. 

f 

Number of poles: ^~n' 


The number of parallel paths in the armature-winding is selected; 
the number of coils in series in each circuit is then calculated. For 
a chosen air-gap ( 030" is a typical value), a can be estimated or 
determined experimentally. 

Using the appropriate value for A as quoted previously, equations 
3-9, 3-10, and 3-11 yield Z and /. 

Armature-conductors can be loaded to a greater extent than in 
normal machines (even up to 6000 ampferes/sq. in.). 

Slot-shape is defined, and then A, cf., Z, and / checked back. 
The leading dimensions D, /, Z, P,, S, v. A, a, and slot measure¬ 
ments are thus fixed. The method is applicable to alternate-pole 
machines if equations 3-9, 3-10, and 3-11 are replaced by: 


^^^Pa—e 

^‘-A-Z2 


312 

313 


A £2.108 

where B'm»x is the maximum air-gap flux. 
6 


. 314 
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In the foregoing the ratio is required to be known. 

‘^TQAX 

Prof. OboukhofF describes an alternative procedure based upon 
the ratio ^max being the total flux in a rotor-tooth, and 

0min the flux in a rotor-slot. These flux-values are more readily 


determined than the flux-densities. 

From Fig. 3-12 it may be shown that 

l-a=^(l-ij.3-15 

where K=Ks=^( -. . . 316 

for a sinusoidal flux-wave; 

and K=Kr=\ .317 


for rectangular flux-wave. 

For medium-frequency machines (500 to 2000 cycles/sec) a 
average value for the flux-variation coefficient y is 3-5 to 4-0. For 
high-frequency machines (say, 10,000 cycles/sec) y=l-75 to 2-25; 

the reason for the difference lies in the ratio ^ (i-e. ^ V 

8 \ Air-gap / 

Taking y=4 for medium frequencies 

and y=l'75 for high frequencies. 


we get K!,= h29 (medium frequencies) 

and 1!^,= 1 '40 (high frequencies). 

So that /jrj=l’345 for machines between medium and 

high frequency, for sinusoidal flux variation. 


Similarly, for trapezoidal wave-shape (Fig. 3-12): 

'-“=‘^(•- 1 ). 

where 






3-18 

3-19 


Substituting for (l-«) in 3-9, 3-10, and 311, and 

putting Kp=c~, we get: 

■ ■ ■ 


3-20 
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L 

*J-Z2 


A £ 2.108 

Li 1)2 


making possible the calculation of leading dimensions of an 
alternator in terms of y. 

An empirical expression for y developed by Prof. OboukhofF is: 
V=l+L- Ai+CB,...- -J 


a„ Pr, as, Ps are in millimetres (see Fig. 3-10). A, C, q, and y 
are numerics which can be regarded as constants for a given type 
of generator. 8 is the simple air-gap length. For the case of the 
cylindrical-rotor inductor-alternator; 

C=10 1 and q=2 

provided that the point of maximum voltage is not passed in the 
no-load characteristic. 

g 

Coefficients A and y depend upon thus, for a cylindrical 

* r 

rotor: 

/1 = 12 for|-5 01 

= 11 for •01<^^ 025 

' r 

= 10 for ^> 025 

and y=3 for -08 

=2-25 for •05<|-5 08 

-■ r 

= 1-5 for -OkI^I-OS 

r 

= 10 for -01. 

•« r 

Finally, from equation 3-23, the optimum ratio ^ is shown to 
be equal to 
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Tables of values for j8, K, and are given in the papers referred 
to. It is sufficient here to note that an average value of ‘955 can 
be taken for c-, with a maximum error of 5 % or 6 %, for all practi¬ 
cally-occurring wave-shapes. With specially-shaped teeth, giving an 
approximately sinusoidal flux-wave, ^ == 1-0 for H.F. machines and 
•913 for medium-frequency machines. 

The no-load characteristic (generated voltage plotted against 
field excitation current) exhibits a property peculiar to these 
machines; that is, with increasing excitation, the generated voltage 
increases to a definite maximum and then begins to fall again. 
This is because, with increasing magnetic-reluctance in the rotor- 
teeth, the slot flux increases at a greater rate than the tooth-flux, 

so that the ratio falls, and (see equations 3-9 and 3-20) 

V'slot 

the generated voltage falls when Bm»x, is increased beyond a particular 
value corresponding to the beginning of the knee of the magnetisa¬ 
tion curve of the rotor material. The “negative voltage’’ —ez 
of one coil-side becomes large relative to the useful voltage ct 
of the other coil-side. 

It is usual to arrange that the normal operating point lies close 
to this maximum-voltage point; i.e. the on-load exciting flux 
should be as near as possible to that which gives maximum no-load 
voltage. This means that Bmax is of the order of 8000 to 11,500 
lines/cm2, depending upon the rotor material. The relations 
between maximum flux-densities in stator- and rotor-teeth, and 
corresponding air-gap flux-density B^a^, are; 


Rotor: ft=^>[2-/f(l-J)] .... 3-24 

Stator: . 

where J a',=pole-breadth at the root 


K'^ 


1 + 




for trapezoidal flux-wave 


-K for sinusoidal flux-wave 

TT 


Jir=(see equations 3’16 and 3-17) 
^siron “stacking factor”. 
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Saturation usually occurs in the rotor-teeth first, though the 
densities in rotor- and stator-teeth do not differ greatly. Adequate 
cooling of the rotor-teeth is an important problem. 

The performance curves of a small inductor-type generator are 
shown in Figs. 3*13 and 3-14. In curve (a) the open-circuit charac¬ 
teristic exhibits the maximum-voltage point already referred to; 
further increase of field-excitation results in a fall in generated 



Fie/d current, amperes 

Fig. 3-13. Characteristics of Small Inductor Alternator. 

voltage. The short-circuit characteristic is shown as curve (b). 
The rating of this machine was 46 volts, 15 amperes, 1400 cycles/sec, 
2100 r.p.m. The relatively large short-circuit current at zero 
field-current is in agreement with the previous statement that 
armature-reaction effects are small. Curve (c) shows “short- 
circuit” current against excitation, with a condenser across the 
alternator, and negligible external resistance; the maximum 
current is now 100 amperes, and occurs at a field-current for which 
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true short-circuit current (curve (b)) was only 35 amperes, and for 
which the open-circuit voltage (curve (a)) was the nominal voltage 
of the machine. Curve (d) shows the terminal voltage of the 
machine under the same conditions as (c), i.e. terminals shunted 



Fig. 314. Load Characteristics of Small Inductor Alternator. 


by a condenser; maximum voltage now occurs, of course, at the 
same point as maximum current, and is 140 volts. 

The ratio of voltage to current (from (c) and {d)) shows 
that the condenser reactance was 1'4 ohms at 1400 cycles/sec 

( 140 \ 

j^=l‘4i2). The actual capacitance was adjusted to reson¬ 
ate with the generator leakage-reactance, which was therefore about 
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1 •4i3. Now the ratio of voltage to current (from (a) and (b)) at the 
same excitation (0-8 ampere) gives: 

Z=^. = V2SQ. 

34 

That is, assuming that the internal E.M.F. of the armature on 
true short-circuit (b) is the same as on open-circuit, then the 
armature behaves as an impedance of l-38i2; the armature and 
circuit-resistance in this case (-47 ohm) contributes but little to 
this impedance, so that the armature-reactance value given approxi- 



ICourtesy of E.C.C. Ltd. 

Fig. 3-15. Double 12 5-KVA 5000 cycles/sec Homopolar Inductor 

Alternator. 


with the armature leakage-reactance. This provides more proof 
that armature reaction is small and that only reactance need be 
considered. Actually, for Z=l-38i3 and /?=-47, the reactance 
is 1-3 jQ. 

Curve (e). Fig. 3-14, shows the load-characteristic without the 
series-condenser; in curve (/) the effect of the series-condenser is 
seen. A pure-resistance load was employed in each case, and the gen¬ 
erator excited for maximum no-load volts (1-8 ampferes field-current, 
64-5 volts O/C). The condenser voltage rises in direct proportion 
to the load current (for constant frequency), and the maximum 
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voltage which can be developed across it is 140 volts, corresponding 
to zero load resistance. 

The KVA rating of the series-condenser will be the product of 
maximum voltage (i.e. zero load-resistance condition) and normal 
full-load current, since the condenser must be able to withstand 
the maximum voltage which the circuit is capable of developing, 
but it will not be required to pass currents in excess of the normal 
full load for any appreciable time. 

Figs. 3T5 and 3-16 illustrate an interesting example of two 
homopolar inductor-alternators mounted in one frame. Each 
alternator is rated at 12-5 KVA, 5000 cycles at 3000 r.p.m. The 
stator-cores, of low-loss iron, are fitted into a fabricated steel 



[Courtesy of E.C.C. Ltd. 


Fig. 3-16. Double 12-5-KVA 5000 cycles/sec Motor-alternator Set. 

yoke; the stator-coils are hand-wound, in semi-closed slots, and 
comprise five effective conductors per slot, of two parallel •042" 
D.C.C. The armature reactance of one alternator is approxi¬ 
mately 20 ohms, requiring a series-condenser of about 1-6 micro¬ 
farads to neutralise it. Former-wound exciting coils are located 
between the stator-rings. The laminated rotor is mounted on 
a cast-steel centre, held by phosphor-bronze clamp-rings. In 
Fig. 3‘16 the double-alternator is shown coupled to a standard 
squirrel-cage induction motor by means of a Bibby coupling. Ball- 
and roller-bearings are used throughout. 

The heteropolar alternator shown in Fig. 3-8 (a) and (b) has a 
4-pole field system wound in four specially-notched slots. It is 
rated at 420 volts, 2000 cycles/sec, 10 KVA, 0*8 power factor. 
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single phase, at 3000 r.p.m., and operates satisfactorily at this 
lagging power factor without a series-condenser. 


Special types of inductor-alteraator 
Fig. 3’10 shows 2 stator-slots per rotor-pole, which is the usual 
case for a single-phase machine. To extend the same scheme for 
2- or 3-phase output, the number of stator-slots may be doubled or 
trebled, or two or three sets of stator-rings may be mounted axially. 
The first alternative requires an increased diameter, the second an 
increased length. 

An ingenious third alternative is described in British Patent 
No. 483660 (B.T.-H. Co. Ltd., and J. H. Walker).(i3) The metho 
is applicable to homopolar and heteropolar types. The armature- 
windings are exactly as for a single-phase machine, but the number 
of stator-slots is: 

S=2p±2=2(p±l) 

p being the number of rotor-poles. It will be remembered that 
in the normal single-phase stator, S—2p. The E.M.F. in each 

360° 

successive armature-conductor is thus displaced in phase by 

relative to the previous one, the phase displacement totalling 180° 
between any two conductors separated by one-half the total 
winding. The armature-winding is opened at appropriate points 
to give a polyphase output, e.g. for a 3-phase supply it is opened at 
3 or 6 points equidistant in space, the 3 or 6 segments of the winding 
being suitably combined to give star or delta connections. For 
the heteropolar construction the number of pairs of exciting poles 
must be a multiple of the number of phases, as also must S, the 
number of stator-slots. For homopolar constructions, S must 
be a multiple of the number of phases. 

This special construction also gives an improved waveform 
compared to that of the normal inductor type, being almost 
perfectly sinusoidal. 

Other interesting features mentioned in this specification are: 

(1) The possible use of low-frequency A.C. excitation instead 
of D.C., with heteropolar construction, when, by the addition of 
a squirrel-cage winding to the rotor, no separate driving motor 
is required, i.e. the machine operates as a frequency changer. 

(2) The possible excitation by means of D.C. coils located 
at the bottom of the armature slots, or by coils wound on the 
rotor. 
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(3) The possible provision of non-magnetic wedges to fill the 
rotor-slots, to reduce noise and windage. 

A very interesting recent development is the “vernier”-type H.F. 
inductor-alternator,ain which the number of rotor-teeth exceeds 
that of the stator-teeth. Fig. 31 7 shows a homopolar arrangement 
in which there are 26 rotor- and 24 stator-teeth, giving 2 zones of 
strong flux, in those parts of the gap where stator-teeth are approxi¬ 
mately opposite rotor-teeth, and 2 zones of weak flux where stator- 
teeth are approximately opposite rotor-slots. In general, the 
number of such “cycles” of flux change round the gap is equal to 

the difference in number 
of stator- and rotor-teeth. 
Open slots are employed on 
the stator. 

A distributed stator-wind¬ 
ing arrangement is indicated 
in the figure. It can be seen 
that a rotor movement of 
half a tooth-pitch would 
shift the strong and weak 
flux zones through a 
quarter-revolution, while a 
movement of one tooth- 
pitch results in a complete 
cycle of flux change 
through each coil as in 
the normal inductor genera¬ 
tor. The effect is as if 
a 4-pole rotor were running 

at I revolutions/sec; the generator frequency /being Fj^n cycles/sec; 

n is the actual rotor speed, and Pr the number of rotor-teeth or 
-poles. The average number of stator-teeth embraced by a coil is 3, 
and the teeth are wider than in a normal type since they are fewer 
in number; consequently, the average voltage per turn is much 
higher. For the case shown, the open-circuit voltage is about 
60% higher than in a normal type having 52 stator-slots and the 
same number of conductors per slot. 

Another factor which increases the generated voltage is the 

larger ratio for each stator-tooth, which is realisable at maximum 


[Courtesy of Metropolitan-Vickers 
ElectricalCo. Ltd. 

Fig. 3*17. Stator and Rotor Core Plates 
for Vernier Alternator. 
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excitation. Finally, the smaller number of stator-slots allows of 
more copper area per slot for a given stator diameter, so that the 
output from a vernier machine is considerably greater than that 
from the basic inductor type of the same size. 

Another recent development in inductor-alternator design is 
that described in British Patent application 147Wf41* (B.T.-H. 
and J. H, Walker). This new type of heteropolar construction 
requires a much smaller number of stator-slots and A.C. 
coils than do the conventional types (homo- or heteropolar) for a 
given frequency. Also 
there is a true flux 
reversal through each 
A.C. coil, and each coil 
is twice as effective in 
generating an E.M.F. 
as those in conventional 
types (in which the flux 
changes, but does not 
reverse); this feature, 
together with the in¬ 
creased winding-space 
factor and greater flux 
per pole made possible 
by the small number 
of stator-slots, results 
in a machine of less 
weight than conven¬ 
tional types for the 
same power output. 

The arrangement of 
stator, rotor, D.C.,and 
A.C. coils employed 
is shown in Fig. 3T8, representing a machine with a 4-pole D.C. 
field system, and a 36-tooth rotor. The stator is divided by means 
of 8 large slots, to have 8 large teeth, and each large tooth is sub¬ 
divided to have 4 small teeth and 3 small slots. Each large 
stator-slot is twice the width of a small slot or tooth, and small 
stator-teeth have the same angular pitch as the rotor-teeth. Thus 
alternate large stator-teeth have their small teeth opposite rotor- 
teeth at the instant when the remaining large teeth have their 
* See also British Patents Nos. 554827, 570107, 570125, 574325, 589039. 



Fig. 3-18. 

Principle of B.T.-H. Lightweight Alternator. 
A: Stator laminations. E: Rotor-teeth. 

B: Large stator-slots. F: Field-coils. 

C : Small stator-teeth. G: Flux paths. 

D : Rotor laminations. //: Armature-coils. 
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small teeth opposite rotor-slots, so that there are alternate zones of 
strong and weak flux round the gap. These zones change places 
for a rotor movement of a half rotor-slot pitch, and a complete 
cycle of flux change occurs for every slot-pitch of rotation. An 
E.M.F. would therefore be generated in a coil wound round a large 
stator tooth, and its frequency would be; 

f—pn cycles/sec, 

p being the number of rotor-poles or -teeth, and n the speed in 
revolutions per second. 

An increase in flux through one such coil would be accompanied 
by a decrease of flux through a similar coil on an adjacent large 
stator-tooth. With the field-coil arrangement shown, these two 
fluxes are of opposite polarity, so that, in practice, A.C. coils are 
wound to embrace adjacent pairs of large stator-teeth, as shown, 
the E.M.F. per turn in the double-pitch coil being equal to the sum 
of the E.M.Fs per turn in two single-pitch coils. 

There is no significant flux change through the D.C. coils, only 
a cyclic redistribution of flux within each coil, so that no alternating 
E.M.F. is induced in these coils. 

Only 4 D.C. and 4 A.C. coils, accommodated in 8 slots, are 
required for this machine. A conventional heteropolar machine 
with a 36-tooth rotor would require 4 D.C. and 36 A.C. coils, and 
a total of 76 stator-slots; the corresponding figures for the homo- 
polar machine are 1 D.C. coil, 36 stator-coils, and 72 stator-slots. 

The waveform of the new-type alternator is very good, and the 
machines are relatively quiet. Frequencies up to 50 KC/S have 
already been obtained. By using a pair of machines, with the 
field of one excited from the A.C. output of the other, it is possible 
to obtain a double-frequency output. The two alternators must 
have the same nominal frequency. 

Voltage control of H.F. alternators 
The high armature-reactance inherent in H.F. inductor-alterna¬ 
tors causes rather large changes of terminal voltage with load. It 
is to minimise this large voltage-regulation that series-condensers 
are used with most machines. Some form of automatic voltage- 
regulator is desirable, however, which will maintain almost constant 
terminal voltage in spite of variations in loading; a few cases occur 
in which manual control is sufficient, in particular, where only one 
load, requiring relatively long heating-time, is being supplied. All 
forms of controller, whether manual or automatic, operate on the 
alternator field-current. 
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Several kinds of automatic voltage-control gear are available. 
There are three main categories: electro-mechanical, such as the 
carbon-pile, Tirrill, and Isenthal types, special generators such as the 
Amplidyne, and electronic. The latter type is desirable if very high 
speed response is required; * the B. T.H. electronic voltage-regulator, 
for example, maintains terminal voltage within I % of a selected 
value over the full range of load. 

The speed of response depends upon the time-constant of the 
alternator field-circuit; the advantage of heteropolar construction 
in this respect has been referred to. A schematic diagram of 


A C. SUPPLY 



[Courtesy of B.T.-H. Co. Ltd. 

Fig. 3*19. Schematic Diagram—High-frequency Alternator Set for 
Induction Heating. 

a high-frequency voltage-controlled alternator set for induction 
heating is given in Fig. 3-19. 

Parallel operation of alternators 
It is probable that H.F. substations of 1000 KW rating and 
upwards will be installed in many works during the next few years. 
In most cases the demand for H.F. power will grow over a period 
of years, and the most economical layout will be that which permits 
additional plant to be laid down as the load increases. For 

* The Amplidyne generator is particularly useful for forcing a rapid change of 
field-current in a homopolar alternator, since reversal of polarity of field supply 
is easily obtained from it. 
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example, a 500-KW set may be installed for a forging shop, with 
the expectation that the load will be increased to 1000 KW in two 
years’ time. It is obviously desirable that the two sets shall be 
suitable for parallel running on common bus-bars, as this makes 
for flexibility in operation. 

H.F. alternators for parallel operation should have identical 
voltage regulation from no-load to full load, and their driving 
motors should also have similar characteristics. Dr. J. H. Walker 
recommends that the rating of a combination of alternators should 
be 10% less than the sum of their individual ratings, to allow 
for possible variations in percentage slip between induction- 
motors.d^'’) To bring an inductor machine on to live bus-bars, 
it is run up to approximate synchronism and then connected, 
with its field unexcited. It is pulled into synchronism, and its 
field-current is then adjusted so that the alternator takes its proper 
share of the reactive load (see Chapter 9). 

Industrial applications of H.F. alternators 

Metal melting, heating for forging, and heat-treatment form 
the principal demand for H.F. alternator power, and these are 
considered in some detail in Chapters 6 and 9. 

Signalling and remote control over mains-frequency power 
transmission and distribution systems, by means of superimposed 
“high-frequency” currents, are developments in which H.F. 
alternator equipment is employed. The control-frequency com¬ 
ponent is easily filtered, and rectified to operate a relay; alterna¬ 
tively, the relay itself can be arranged to resonate to the control 
frequency. Any one of many relays can be operated remotely, 
from a fixed-frequency alternator, by making the relay resonate 
to the frequency at which trains of control-oscillations are fed to 
the system; that is, the H.F. alternator output is modulated to a 
selected rhythm, and this rhythm causes one relay, or one group of 
relays, to operate.t’O 

Portable electric tools such as drillers and grinders can be made 
lighter in weight by using high-speed motors. The maximum 
speed obtainable with an induction motor at 50 cycles/sec is 
3000 r.p.m.; comiputator motors must be used for higher speeds 
at this frequency. Portable tools are now being made which 
incorporate H.F. induction motors, power being supplied from 
a special motor-alternator. Typical frequencies are 150 and 200 
cycles/sec, corresponding to maximum motor speeds of 9000 and 
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12,000 r.p.m. Reduction-gears between motor and output spindle 
give the correct tool or grinding-wheel speed. 

For a given volt-ampere rating, the size and cost of a transformer 
or choke for operation at a “high” frequency will be less than of one 
for 50 cycles/sec, and this has been considered sufficient justification 
for employing frequencies of the order of500 cycles/sec in some large 
installations of gas-discharge lighting. 

The vibration testing of structures, particularly aircraft structures, 
to determine resonance frequencies has been carried out, using 
suitable electro-magnets, powered by a variable-frequency motor- 
alternator, to force the structure into vibration. Alternators for 
this purpose are usually required to cover a frequency range up to 
about 2000 cycles/sec. 

(Where it is required merely to vibrate a component or structure 
at its own principal resonance-frequency, a simple method is to 
feed the pick-up voltage, generated in a vibration detector, to a 
thermionic valve power-amplifier, using the output of this amplifier 
to maintain the mechanical vibration, i.e. the component or structure 
behaves as the “tank-circuit” of a power-oscillator (see Chapter 5). 
Fatigue-testing can conveniently be done in this way.) 

Motor-alternator losses and efficiencies 

The declared efficiency of these machines is covered by B.S.S. 
269: 1927, and is the ratio of power output to output plus losses. 
The losses comprise fixed loss (friction, windage,* and core loss at 
no-load), exciting circuit losses, direct load loss (armature I^R loss, 
R being the D.C. resistance at 75° C), and stray load loss (being 
the additional losses in core, armature windings, and other metal 
parts due to load current). Losses in one 400 KW 1000 cycles/sec 
inductor machine were: fixed loss 22 KW, sum of field, direct 
and stray load losses 12 KW, total 34 KW; the full-load efficiency 
of the alternator was therefore 92 %. Motor efficiency was 96 %, 
giving 88-4% overall. Core and stray losses increase with 
frequency, and alternator efficiency falls to 75-80% at 10,000 
cycles/sec. 

Cooling air requirements average 100 cu. ft./min per KW of 
losses, with an air temperature rise of about 20° C above an inlet 
temperature of 25° C. 


* See also p. 320. 
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The Triode Valve 


For frequencies higher than about 50,000 cycles/sec, 
dynamo-electric machines become increasingly impracticable, 
mainly because of inertia-effects which set a limit to the permissible 
peripheral speed of the rotor. Instead, high-vacuum thermionic 
valves are used; there is no appreciable inertia of the “moving 
parts” (electrons) except at very high frequencies indeed; and, for 
the same reason, there is no reactance within the valve, which 
therefore behaves like a purely resistive device. 

We are here concerned especially with the valve as a power- 
oscillator, or oscillation-generator, or power-converter, and a brief 
consideration of Fig. 41 will be helpful at this stage. (Refer also 

to Fig. 1-28.) 

If switch S is closed for a 
moment, C is charged to the 
voltage Eoc (this neglects the 
effects of possible inductance and 
resistance in the supply leads and 
the supply), and if S is then 
opened again, C will commence 
a damped oscillatory discharge 
through LR. After one cycle of 
this oscillation, C is again charged with the polarity it had 
initially, but to a somewhat lower voltage, depending upon the 



Fig. 4-1. Principle of Valve Oscilla¬ 
tion-generator. 


damping, i.e. the ratio 


2L' 


If the switch S again be closed for 


a moment, the voltage of C will be raised once more to Eoc- In 
this way the losses in the LCR oscillatory circuit are made good 
every cycle by the momentary closing of S, and a maintained 
oscillation, of constant amplitude, exists in the closed LCR circuit. 
Alternating-current power, having a frequency of approximately 

In^LC obtained from the D.C. source, and the device 

is an oscillation-generator or power-converter. The actual load 
may be coupled in any convenient manner to the oscillatory circuit, 
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and its effect will be to increase the effective value of R, and 
probably to alter the effective values of either L or C, or both, 
thus modifying the frequency. 

In the valve-oscillator, the triode valve behaves, in effect, like 
the switch 5, and by its action the oscillatory or “tank”-circuit is 
supplied, during a part of each cycle, with energy from the D.C. 
source. The valve is not, however, a simple switch, and its 
characteristics must be carefully studied in order that it may be 
properly applied, when the efficiency of power conversion from 
D.C. to any frequency up to at least several megacycles/sec may 
be as high as 75 or 80 %. 

The triode high-vacuum thermionic valve 
As implied in its name, this valve has three electrodes: 

(1) A thermionic electron-emitting cathode, heated for the 
purpose either (a) by the direct passage of a current through it, 
in which case it is made up in the form of a wire or ribbon 
“filament”, or (b) by conduction and radiation from a separate 
heater. In this case the cathode is commonly in the form of a 
hollow tube, with the heater inside and insulated from it 
electrically. 

(2) An electron-collecting electrode, the anode or plate, which, 
when kept at a higher potential than the cathode, attracts and 
collects electrons emitted from the cathode. It is usually 
either cylindrical or box-shaped. The plate becomes heated by 
the bombardment of these arriving electrons, as well as by 
radiation from the cathode, and in the larger valves steps are 
taken to cool it artificially with either water or air-blast. 

(3) A control electrode, the “grid”, usually, though not 
essentially, in the form of a wire wound on supports so that it 
encloses the cathode, and stands between the cathode and plate. 
Electrons may pass from the cathode to the plate through the 
spaces between adjacent turns of the grid winding, but the 
attraction of the plate is considerably modified by the p.d. 
between grid and cathode. The grid-voltage thus controls the 
current through the valve. 

Almost any valve is capable of satisfactory operation at all 
frequencies up to 2 MC/S, and within this limit the most important 
factors are the maximum permissible plate-power dissipation and 
the cathode emission. If, for example, a high-frequency power 

7 
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output of 5 KW is required, using a single valve, and the efficiency 
with which the valve converts from D.C. to A.C. power is 75 %, 
then a D.C. power input of 6*67 KW is necessary, and of this 
1-67 KW is dissipated at the plate of the valve. The valve must 
be of a size and type capable of dissipating this power, as well as 
the cathode-power and grid-power, without overheating. Most 
power valves at present available, when used as Class C 
oscillators, run well within their dissipation ratings, and the 
limiting factor on output power is the cathode emission. 

The H.F. grid-current which can be carried safely through the 



Fig 4-2. Range of Air-cooled Valves. Left to right: 15 W, 75 W, 300 W, 
300 W, 1-5 KW, 1-3 KW, 10 KW. 

seals, particularly the grid seal, is a factor which limits the oscillation 
frequency of a valve (see Chapter 5). 

Special characteristics of high-power valves<‘*> 

The glass-bulb construction is used for plate-dissipations up to 
about 1-0 KW. The glass bulb is an envelope enclosing the whole 
electrode structure, and the valve is cooled by radiation, and by 
air-cooling, either natural or blown. 

Valves which have to dissipate power of the order of 8 KW or 
more are usually water-cooled. In such cases the plate or anode is 
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in the form of a long cylinder, sealed at one end, and joined to a 
glass portion at the other, the glass portion serving to insulate and 
seal the various leads. The anode is immersed in a water-cooling 



[Courtesy of Marconi’s iVireless Telegraph Co. Ltd. 

Fig. 4-3. Two Triodes with Similar Ratings: 2-5 KW output, Class C, at 

medium frequencies. 

system. For the same overall size, water-cooling increases the 
permissible power-dissipation some 20 times compared with 
natural cooling. Since the cooling water is in electrical contact 
with the anode, a long length of rubber hose must be used for 
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inlet and outlet, about 1 KV per metre being the maximum 
permissible volt-drop along the hose. 

Valves which dissipate powers between 1 KW and 10 KW 
sometimes employ forced air cooling.uw The simplicity and con¬ 
venience of the system are important factors. The structure of 



[Courtesy of Mullard Wireless Service Co. Ltd. 


Fig. 4-4. Silica-envelope Triode, Mullard TXl 0-4000 7-5 KW output, 
Class C, at 12 KV, 2 MC/S. 

the valve is similar to that for water-cooling, but the anode is 
surrounded by a ribbed cooler, through which air is blown at a 
pressure slightly greater than atmospheric. The temperature rise 
of the air in passing through the cooler is of the order of 40® C. 
Yet another solution is to employ a valve with a silica envelope. 
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which can withstand much higher temperatures than glass. Such 
valves are radiation-cooled, additional fan-cooling being some¬ 
times provided; the maximum dissipation-power for which this 
construction is used is about 20 KW. Recent developments 
indicate that the silica-envelope valve, with a thoriated-tungsten 



Fig. 4'5 (a) and (b). Water<ooled Triode, Mullard TX 12-20. 24 KW 
output. Class C, at 12 KV, 2 MC/S. 

cathode, will probably become widely used for industrial power- 
oscillators. 

Oil-cooling of cooled-plate valves has been used,07) and will 
perhaps become more common in the future. It has been found 
that the plates of standard valves can be operated without detriment 
to life at temperatures considerably higher than those normally 
encountered in water-cooled valves. It is important, with 
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water-cooling, that the outlet temperature of the water should not 
exceed 70° C, to avoid any tendency towards the formation of 
steam bubbles on the plate at local “hot spots”. 

Examples of several types of valve are illustrated in Figs. 
4-2 to 4-8. 

Fig. 4-2 shows a range of air-cooled valves with plate-dissipation 

ratings (left to right) of 15, 75, 
300, 300, 1500, 1300, and 10,000 
watts respectively. The largest 
(10 KW) is the ACT14, the 
blown-air cooled version of the 
Marconi CAT6, two of which 
are used in water-jackets in the 
20 KW plant illustrated in 
Fig. 5-30. 

Fig. 4-3 shows a comparison 
of two valves of different types 
but having similar ratings. The 
radiation-cooled glass valve is the 
Ediswan ES1500A, one of the 
largest of its type. The other valve 
has a radiator fixed around its 
I ^ plate. Both valves will develop 

2-5 KW output (Class C). 

Fig. 4-4 shows a silica valve, the 
Mullard TX10-4000, radiation- 
cooled, with a plate-dissipation of 
4 KW. This valve is employed in 
the 5 KW plant illustrated in 
Fig. 5*29. 

A water-cooled valve is shown 
in Fig. 4-5 (a), and is seen in its 
water-jacket at (b). This is the 
Mullard TX12-20. 

A very large water-cooled triode (Marconi) is illustrated in 
Fig. 4‘6. This valve will develop 200 KW output at FS MC/S, 
or 120 KW at 22 MC/S. 

A forced-air cooled triode for very high frequencies is shown in 
Fig. 4-7. This valve has a rating of FS KW output (Class C) at 
150 MC/S. The radiator is of milled copper, and is arranged to 
fit on to a blower. The valve is made by G.E. (U.S.A.). 



[Courtesy of Marconi's Wireless 
Telegraph Co, Ltd, 
Fig. 4*6. Water-cooled Triode, 200 
KW output, Class C, at 1*5 MC/S. 
120 KW output at 22 MC/S. 
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Fig. 4'8 illustrates an interesting modern high-frequency triode 
with a Class C output rating of 1 KW at 30 MC/S (R.C.A. type 
833A). These relatively small high-frequency valves are particularly 
suitable for low-power dielectric heating plant. 

Triode characteristics 

The performance of the valve in any particular circuit can be 
determined from the static-characteristic curves of the valve. 
These show how plae 
current and grid current 
vary with the voltages 
applied to these electrodes. 

It may be mentioned that 
always, in all valves, elec¬ 
trode voltages are referred 
to cathode as zero-poten¬ 
tial. Although triodes for 
different purposes have 
different characteristics, all 
follow the general form of 
those shown in Fig. 4-9. 

These are the “static 
characteristics”, i.e. they 
are for the valve alone, 
and not for a valve in 
conjunction with a series 
“load” impedance. 

For calculation purposes [Courtesy of Marconi’s Wireless 

it is convenient to assume Telegraph Co. Ltd. 

that the curves of Fig. 

4-9 (a) are straight lines, Uq mc/S. 

all of the same slope, and 

uniformly spaced. This implies that although the total “D.C. 
___ -r /:.. .U.. Voltage across valve \ 



. „ f , , /• .L * ..u Voltage across valve \ 

resistance of the valve (i.e. that the ratio o E reH t tfii^ih^a^ ) 

may be very low, as at point P, or very high, as at point Q, yet the 
resistance the valve offers to a change of plate-voltage is always the 
same, whatever the grid-voltage, provided this is constant during 
the change in plate-volts. Using the symbols of Fig. 4*9 (a), we 
see that 
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^ for any part of any characteristic 

Olp 

=a constant, called the plate A.C. resistance 
=Rp ohms. 

Thus Rp is the reciprocal of the slope of the plate-volts—plate- 
current curves, the slope being the plate A.C. conductance. 

Again, uniform spacing of the Vp—ip curves implies that the 
change in plate-current for a given change in grid-voltage is always 
the same, whatever the plate-voltage, provided the latter is constant 
during the grid-volts change. Referring to Fig. 4-9 (b), 

S/ 

5 -^ for any part of any 

OVg 

characteristic 
=a constant, called the 
A.C. mutual conductance 
mA/volt. 

The justification for 
assuming that Rp and gm 
are quite constant, for 
all electrode voltages, is 
that the actual character¬ 
istics of triodes do not 
depart very greatly from 
the linear relations of 
the theoretical character¬ 
istics, and that calcula¬ 
tions based on the latter 
agree very well with 
performances actually 
obtained. This agree¬ 
ment is partly due to the fact that calculations generally involve 
the product Rpgm, and this tends to remain constant even 
when Rp and gm change, since an increase of one commonly 
accompanies a decrease of the other. 

Fig. 4-10 shows the linear characteristics implied in the use of 
the valve “constants” Rp and gm- 
For such characteristics, the plate-current for any plate-voltage 
vp and grid-voltage v, is given by: 

lOOOvp 



[Courtesy of Marconi's Wireless Telegraph Co, Ltd. 
Fig. 4-8. H.F. Triode 1 KW output, Class 
C, at 30 MC/S (R.C.A. 833A). 
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It is helpful to use. numerical values, and Fig. 4* 10 represents 
the theoretical vp—ip curves of a small triode valve having an A.C. 
resistance Rp of 8700 ohms, and mutual conductance g„ of 
2-8 mA/volt. 

From these curves we see that an increase of 56 mA in plate- 
current (e.g. from 50 mA to 106 mA) may be obtained either by a 
grid-volts change of +20 volts, or a plate-volts change of approxi¬ 
mately 490 volts. Thus 1 volt change at the grid is equivalent to 



(a) Plate-volts, plate-current curves 

(b) Grid-volts, plate-current curves 

(c) Grid-volts, grid-current curves 

(d) Plate-volts, grid-current curves 


of triode valve. 


24-5 volts change at the anode, and the valve is said to have an 
amplification factor of 24-5. 

Thus: 


AmplMcaUon factor «> change for given ctonge to i, 

^ vg change for same change in ip 

Let the “given change” in ip be 1 mA. Then the change in Vp 

D C 

required to produce it will be Sup=volts, since amperes. 
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Alternatively, 1 mA change in ip could be obtained by a change 

in Vg given by , since 1 volt change in gives gm nxA 

change in ip. 

Therefore the amplification factor 


The factor 


1 

1000 




EpSm 

1000 


is, of course, due to the fact that gm 


. . 4-2 

is commonly 


measured in milliamperes per volt. 

For the valve with the curves of Fig. 4-10 we have seen that 
(1=24-5. This means that if the grid-voltage is changed by 1 volt, 



Fig. 4-10. Idealised Plate Characteristics for Triode. 


the plate circuit-current change will be that which would result 
from 24-5 volts change in the plate-circuit. 

The “limiting-edge”, OL 

Referring to Fig. 4-10 it will be obvious that no plate-current 
can exist when the plate-voltage is zero, even though the grid- 
voltage be considerably positive. Actually, what happens is that 
anode-current falls sharply at a critical point, for any given positive 
grid-voltage, and there is a corresponding rise in grid-current. 
These critical points lie on a line such as OL, which is therefore 
called the “limiting edge”. This line is of great importance in 
connection with the design and operation of power-oscillators and 
amplifiers such as are used for the generation of H.F. power. It 
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can be represented reasonably accurately by the equation 1 •2%; 
for example, in Fig. 4-10 the point P is the intersection of OL 
with the v,=100 curve, and lies vertically over vp=\20 volts. To 
limit grid-current to a safe value it is necessary to arrange that, 
during cyclic variations of Vp and vg, the former never falls below 
1*2 times the peak positive value of the latter; in power-oscillators 
(Chapter 5) the minimum value of vp is generally made between 
1*2 and 2 0 times u^max- 

Load-current controlled by triode valve 

The usefulness of the triode lies in two properties: 

(1) A change in grid-voltage is accompanied by a practically 
instantaneous corresponding change in plate-current. The effect is 
so nearly instantaneous as to make the valve satisfactory for 
operation up to at least several megacycles/sec. 



(2) A given grid-volts change is equivalent to a several 
times larger plate-volts change. The equivalent plate-volts change 
is times the actual grid-volts change; i.e. the valve is an ampli¬ 
fier. If the valve is such as to permit relatively large plate-current 
changes corresponding to these voltage changes, then it is a 
power-amplifier. 

The triode valve may therefore be used to control the current and 
power in a load. 

Consider the circuits shown in Fig. 4-11. 

It is required to vary the power supplied to a load-resistance Rl. 
This could be achieved by the method shown at (a), the control 
being the slider of resistance /?„ which must be operated by 
mechanical means and therefore would be quite unsuitable for 
high-frequency variation of load current. The alternative shown 
at (b) is to use a high-vacuum valve in place of R„ and to control 
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the circuit current by varying the grid-voltage. The valve in 
eflfect is then a variable resistance like Jtcy but it will be able to 
follow extremely rapid changes of grid-voltage. The valve is, 
however, much more than this, for though an alternator is shown 
in Fig. 4-11 (b) as the source of the control or “grid-drive” voltage, 
the valve can be arranged to supply its own “drive”, in which case 
it becomes a power-oscillator. This is really a special case of the 
power-amplifier, and the general behaviour of amplifiers will be 
considered first. 

The behaviour of the circuit of Fig. 4-11 (b) is shown graphi¬ 
cally in Fig. 4-12. 

CDE represents the Vg—ip curve of the valve when working with 



Fig. 4’ 12. Graphical Presentation of Triode Amplifier with Resistance Load. 

the particular load-resistance Jti, in series with it, and with a fixed 
plate-circuit supply-voltage Edc- The slope of CDE is not g„ 
mA/volt, as for the static curves, but is less than this value, because 
of the effect of the load-resistance /?/, upon the plate-voltage when 
the current ip changes. Thus when Cg is positive, causing ip to 
increase, there is an increased volt drop across Rl (=BipRi), and a 
consequent fall in plate-volts, Vp ; this fall would, acting by itself, 
produce a fall in ip. The result is therefore that a given change in 
grid-voltage yields a smaller change in plate-current, when the 
valve has a load-resistance in series with it, than is shown by the 
static curves. For the “static” vg—ip curves, the slope is: 

mA/volt. 

Kp 
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For the “dynamic” curve CDE, the slope is mA/voIt. 

A negative “bias” voltage —Eb is shown applied to the grid of 
the valve, and the alternating “drive” voltage eg is superimposed 
on this bias. It will be seen later that the magnitude of this bias 
voltage may have a profound effect upon the behaviour of the 
valve; for the simple case considered here the bias can be regarded 
as a means of maintaining the effective grid-to-cathode voltage 
negative during at least the greater part of the drive-cycle, and 
thus minimising grid-current. It also serves to reduce the standing 
current drawn in the absence of a drive-voltage, while allowing 
the same variation in ip to take place, when Cg is applied, as for the 
case of zero-bias. This latter point assumes, of course, that the 
amplitude of Cg is not so great as to make the effective grid- 
voltage, Vg, more negative than the value OC at the instant when 
Cg is a negative maximum. If this occurs, plate-current ceases 
during the time that Vg exceeds the “cut-off” voltage OC. The 
magnitude of OC, the “cut-off” voltage for the particular value of 

Eoc, is since a negative grid-voltage of this amount will just 

H' 


neutralise the effect of a plate-voltage of +Edc- The cut-off point 
is, of course, independent of load-resistance. 

Fig. 4-12 shows the varying total grid-voltage waveform 
Vg=i—Eb+eg) stretched out along a convenient time-axis provided 
by the chain-dotted line, drawn vertically down through the point G 
corresponding to the bias-voltage —Eb. Similarly, the waveform 
of the varying plate-current ip is conveniently shown on an axis 
provided by the horizontal line drawn through D. The ip curve 
is obtained by “reflection” of the grid-volts wave form from the 
line CDE. A typical pair of points PP' illustrates this. 


Voltage and power-amplification 

We are concerned only with the alternating components of load 
current, voltage, and power. Fig. 4-13 shows a simplified 
“equivalent circuit” for the arrangement of Fig. 4T1 (b), and 
involves A.C. components only. 

The valve behaves like a generator, of internal E.M.F. iJ,Eg, 
internal resistance Rp, and external load-resistance Rl. 

Circuit current (Fig. 4-13) will be: 

/ _ 


amperes . 


4-3 
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The A.C. component of load voltage will be: 

volts .... 44 

Ax, 

Drive voltage is Eg RMS in the actual circuit, so that the voltage 
gain will be: 

4.5 

Eg Rp+Rt . 

The voltage gain obviously rises with increasing values of Rl, 
and approaches the limiting value of /x as Rl is made large compared 
with Rp. The A.C. power developed in the load Rl will be: 

Pl=V1 watts.4-6 

Max. plate-volts swing Max. plate-current swing 

2V2 2V2 


iPpmAX Vpmin)(i/miax 


watts . 


. . 4-7 



Eg - R.M.S.grid-drive voltage. 

I = R.M.S. value of A.C. component 
of plate (and load) current 


Fig. 413. Equivalent “A.C.” Circuit for Triode Amplifier. 


since for the case of sinusoidal variations in ip and Vp the 
maximum “swing” of either is equal to the “double amplitude” of 
its A.C. component. 

Efficiency of power conversion 

Now it will be clear from the ip time-graph in Fig. 4-12 that the 
average current drawn from the supply is the same whether there 
is any grid-drive or not (provided the bias voltage, remains 
unchanged). This current is labelled Idc in the diagram. The 
input power to the circuit, from the D.C. source, is: 

Pi—EdcIdc watts.4-8 

The efficiency of power conversion from D.C. to A.C. in the 
load Rl is therefore: 

. 4.9 

Pj EdcIdc . 
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Condition for maximum A.C. power in the load 
Equation 4*6 may be expanded by substituting for / and V the 
values given in 4-3 and 4-4. Then: 

p f — p/ —watts 4*10 

{Rp+RtY ‘ ■ ■ • ^ 

and the value of Rl which gives this expression its maximum 
value is: 

Rl=Rp ohms .4-11 


as can be shown by plotting P,_ for various ratios of or by 

Kp 

differentiating 4-9 with respect to Rl and equating to zero. 

The graphical method is instructive, as it brings out the manner 

in which Pl varies with 

Rl ; a typical curve is / 

shown in Fig. 4-14. / 

The condition for ^ 
maximum load-power ^ 

expressed in equation ^ ^ . 

4‘10 is only true for ^ / 
sinusoidal current vari- / 

ation, and assumes /_ ^^^^ _£_ 

the theoretical linear Rl/r 

characteristics of Fig. ^ C . 

. T *• 1 Fig. 4.14. Effect of Load Resistance Value on 

4-10. In practical Power Output, 

valves some distortion 


of the plate-current waveform, relative to the drive-voltage 
waveform, is inevitable. If such distortion is very undesirable, 
as in speech-amplifiers and the like, the actual value of Rl chosen 
must be such as to give a reasonably large power-output together 
with a minimum of distortion. We are not concerned with such 
cases here, but readers who wish for further information on this point 
will find a list of books dealing with it under reference number 


The load-line 

Finally, in connection with circuit (b) of Fig. 4-11, it will be seen 
that the action may very conveniently be illustrated by a construc¬ 
tion superimposed on the static vp—ip characteristics. This is 
shown in Fig. 4’15 which uses the assumed linear characteristics, 
based on Rp and g„, of a small power triode. 
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PQ is a “load-line” located by the 2 points R and Q. R represents 
the value of the current i, which would flow in Rl if the whole 
supply voltage focwere across it, i.e. if Vp were zero. Q represents 
the plate-voltage Vp when /p=0, i.e. foe. since there is no voltage-drop 
across Rl when 4=0. Points along the line PQ then give corre¬ 
sponding plate-volts, plate-current, and grid-volts throughout a 
complete cycle of signal voltage of amplitude Egm^x- The sinusoidal 
variation of these three quantities is indicated.* 



Fig. 4-15. Graphical Analysis of Triode Class A Amplifier, based on Plate 

Characteristics. 


The average A.C. power in the load is: 

P 4iax 

^~V2-V2 


^ SQ SP 

2V2'2V2 

= -- g^ watts .... 4-12 
as already given in equation 4-7. 

If load-lines of various slopes are tried, it would be found that 
the maximum value of the product SQ.SP, and hence maximum 

♦ For maximum output with Class A operation, the mid-point of PQ (the “operat¬ 
ing point**) is chosen to correspond to the maximum permissible plate dissipation. 
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output power, for a given grid-volts swing, occurs when the slope 
is the same as that of the vp—ip characteristics, i.e. when Rl=Rp, 
which agrees with equation 4-10, It is this particular value of Rl 
for which the load-line in Fig, 4-15 has been drawn. 

Grid-current will flow when the grid-voltage is actually positive; 
i.e. over that part of the vg curve (Fig. 4-12) between vg=0 and 
vg—Egmag—Eb. Thus a small amount of power is required in the 
grid-drive circuit. 

The transformer-coupled load 

For three reasons the load resistance R^ is not usually connected 
directly in series with the valve as shown in Fig, 4T1 (b), but is 
instead coupled to it indirectly, e.g. by means of a transformer. 

(1) Since only A.C. power is required in the load, the power- 
dissipation due to the “standing current” component is eliminated 
by transformer coupling. A lower value of Edc for the same 
A.C. conditions is then required. 

(2) The load resistance is hardly ever of the correct value to 
yield sufficient power or a satisfactory efficiency. We have 
seen (Chapter 1) that a transformer is an impedance-matching 
device; it can therefore be used to match the actual load 
impedance to that of the valve, presenting to the valve the correct 
impedance for high load-power and conversion efficiency. 

(3) The use of a transformer isolates the load electrically from 
the H.T. D.C. supply to the valve. 

The simple case of an iron-cored coupling-transformer and pure- 
resistance load will be considered (Fig. 4-16), using the same valve 
yielding the same load-power as in Fig. 4-15. 

The primary-winding resistance will generally be so small that 
any volt-drop due to the standing current Idc is negligible; the 
supply voltage Edc can therefore be reduced from the value corre¬ 
sponding to point Q in Fig. 4-15 to the value shown in Fig. 4-16, 
The plate-voltage is therefore £dc in the absence of grid-drive eg. 

When plate-current decreases (e, negative) the voltage induced in 
the primary is such as to raise the plate-volts; conversely, when the 
plate-current rises, the primary induced-voltage is such as to reduce 
the plate-volts. The plate-volts “swing” would be identical with 
that for Fig. 4*15 if the loaded transformer behaved like the original 
series-connected Rt. Thus, if the transformer magnetising- 
current is negligible compared with normal load-current, the two 

8 
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methods of load-connection yield the same A.C. power to the load 

if ^=:Rl,K being the ratio p. 

1 1 

The power input is, however, considerably smaller owing to the 
reduction in Eoc, so that a higher efficiency results from trans¬ 
former-coupling to the load. Transformer losses occur, of course, 
which have not been taken into account here. 

So far we have considered only cases in which plate-current is 
flowing for the whole of the drive-cycle; this is referred to as 
Class A operation. It is used only where rather high fidelity is 
required between output and input waveforms, the efficiency 
usually realisable being low. The theoretical maximum for the 



transformer-coupled case is less than 50%. Practical efficiencies 
range from 15% to 30%, depending upon the permissible amount 
of waveform distortion. 

The chief objection to such distortion, e.g. in speech-amplifiers, 
is that it results in “cross-modulation” and the introduction of 
new frequencies in the output not necessarily in harmonic relation 
to the input frequencies, when two or more frequencies are present 
in the input voltage e,. 

For the purpose of H.F. power generation a great simplification 
is possible, since only one frequency is required to be generated 
at any one time. This enables a resonant plate-load to be used 
and high power-conversion efficiencies to be realised, since the 
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tuned load pennits Qass B or C operation of the valve, while 
yielding almost perfectly sinusoidal load-current. 

These two classes or modes of operation are each further sub¬ 
divided, according as grid-current is permitted or not. This 
provides a further simplification here, since the type of amplifier 
with which we are concerned always involves grid-current. Only 
this case, therefore, will be considered. 




CHAPTER 5 


Class B and Class C Operation of Power 
Amplifiers with Tuned Loads 


The tuned plate-load 

It was shown in Chapter 1, p. 31, that a parallel combination 
of L and C behaves at resonance (f^ ^irVL C *'*^® ® 


resistance of ^ ohms; R is the series-resistance round the closed 


combination. Such an arrangement could therefore replace the 
load resistance Rl of Fig. 4-11 (b), and (if the drive-voltage Cg had 


the frequency to which this load is tuned, i.e. /= ^^xy/LC 
it would have the same effect, provided that 


cycles/sec) 


It has also been seen that such a closed LCR system will oscillate 
if supplied with energy and then left to itself (p. 34). It is not 
essential, therefore, that the tuned load should be continuously 
supplied with an alternating current of sine wave-form, in 
order that the circulating current in it, and hence the voltage 
across it, shall be sinusoidal and shall persist. It is sufficient 
that pulses of energy shall be supplied to it periodically to 
make good the “damping losses” due to the dissipation in R. 
Such pulses can be supplied by virtue of correctly-timed current- 
pulses drawn from the D.C. supply and passed through the load- 
circuit, the magnitude and duration of the pulse being controlled 
by the valve. 

Fig. 5-1 (a) shows such an arrangement, while (b) and (c) 
indicate the nature of the plate-current pulse for two values of 

bias. Case (b) shows £■*=cut-off voltage —the current- 

pulses in this case have the form of half sine-waves, similar to 
those shown on p. 17. This is known as Qass B operation, and 
the definition for it is that plate-current flows for one-half of the 
drive-cycle. 
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Case, (c) shows Et, more negative than the cut-ofT voltage- — 

This represents Class C operation; current flows for less than half 
of each drive-cycle, the pulse waveform being the top portion only 


-5's 

(OL) Amplifier with tuned 
plate - had 


n ZfT 3n ‘T 


(b) Class B ope rati on. 

bias 


Drive-y'oltage eg ^Eg max. sin cut, 
uj « 2nf 


/. e., drive - frequency is the —t- 
same as the resonant-fre- 
quency of the tuned had. 


i 



-Eg maxr 


Ztt Stt 


(c) Class C operation, 
bias greater than 
\ut-off'* 

-h Vg max. 


Fig. 51. (a) Amplifier with Tuned Load, (b) Class B operation, 
(c) Class C operation. 


of a true sine-wave, provided that the dynamic characteristic of 
the valve is linear. This qualification was also implied in stating 
that the L waveform is a true half sine-wave in the Class B 
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In this amplifier the circulating current It in the tuned “tank”- 
drcuit LCR persists and is practically sinusoidal and of constant 
amplitude, despite the pulse-like nature of the supply current ip. 
This is due to the energy-storage of L and C. It will be shown 
that the ip pulse contains a sinusoidal component of the same 
frequency as the drive, and it is this A.C. component which supplies 
the power to the tuned load, the resonant frequency of which is 
adjusted to be that of the drive. 

Since the tank-circuit presents a high impedance (between points 
A and B, Fig. 5-1 (a)) only to a current having its resonance 



Fig. 5'2. Time-graphs of Plate- and Grid-voltages and Currents in a 
Class C Amplifier. 

frequency, it follows that only this sinusoidal component of ip 
develops an appreciable voltage between A and B. Consequently 
the voltage across AB (i.e. the tank voltage vj) is almost perfectly 
sinusoidal, and the plate-voltage vp must likewise rise and fall 
sinusoidally, being a minimum when vt is a “positive” maximum 
{A+ve to B), and a maximum when vt is a “negative” maximum 
{A—ve to B). The phase relations of vt, vp, and e, are shown 
in Fig. 5-2.* 

It will be observed that the standing current is zero for Class B 
and C amplifiers, and this is the reason for their high efficiency. 

* In Fig. 5-2, plate-voltage is represented as the vertical distance of the ^ curve 
from the zero-voltage line; the vertical distance of the vp curve from the £oc line 
represents the tank voltage Vj., since at every instant vp+V].°>£dc. 
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To determine the D.C. input and A.C. output power, and hence the 
conversion efficiency, it is necessary now to consider the current- 
pulse in some detail. Class B is, of course, merely a limiting case 
of Class C, and is the case for which the duration of the current- 
pulse is exactly one half-cycle. 


Analysis of the plate-current pulse 

In Fig. 5-3 the pulse is shown in heavy outline as a part of a 
complete sine-wave. It is convenient to treat it as a cosine-wave, 
so that the zero for the horizontal angle-axis is located at the point 
of peak pulse-current, ipmax. 

The duration of the pulse, expressed as an angle, is 20, i.e. 
from —0 to 4-0, where 0 may be less than 90° or ^ radians, as 

for Class C, or equal to ^ radians, as for Class B. 



Fig. 5-3. Graphical Treatment of Plate-current Pulse. 


Average value of pulse current over one or more whole cycles 
This will be the reading obtained on a moving-coil meter carrying 
the pulse current, i.e. /dc- 

From Fig. 5-3 we see that /pmax=F—F cos d=Y{l —cos 0). 


So that 


Y=, 


*/ymax 


1 —cos 0’ 

At an instant corresponding to any angle (f) we have: 

cos (f>—Y cos 0=y(cos cos 0) 


.... 5-1 

The average value of the current pulse over a whole cycle is 
then given by finding the average height of the ip curve; the same 
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result is obtained by finding the average height of the half-pulse 
(from 0 to +6) over a half-cycle, i.e. over w radians: 


•/>av, 


==/dc= 


»/>max 


‘•77(1 —cos 6) 


- -*■=«- 
cos if>d<f>—cos 0 d<l> 
^«=0 ^ 0 = 0 — 


... 5-2 

-ipm>ixA(0). 

A table of values of Aid) is appended, and the function is also 
plotted in Fig. 5-5, p. 122. 


6 =half-conduction-angle, 

degrees: 0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

= M : 0 

/pmax 

•034 

•072 

•109 

•147 

•183 

•218 

•252 

•286 

•318 


The average plate-current, /dc. is measured with a moving-coil 
ammeter as shown in Fig. 5-1 (a). 


Amplitude of fundamental alternating component of current pulse 

The significance of the A.C. components is shown in Fig. 5-4 
in which the fundamental (frequency /) and second-harmonic (2/) 
components have been plotted. The peaky curve represents the 
sum of these two and a D.C. component (/dc), and it is seen that 
this sum represents the true current-pulse fairly accurately. The 
graphs were drawn for the special case of the half sine-wave pulse. 
The departure from the exact half sine-wave is not due to incorrect 
values of D.C. and A.C. components, but to the fact that only the 
first two A.C. components have been plotted. The amplitudes 
of the higher harmonics become progressively smaller. 

For our simple amplifier in which the load is tuned to the 
frequency of the grid-drive, the fundamental A.C. component of 
the pulse determines the load-power. Its amplitude is found by 
employing the method of Fourier’s analysis, using the construction 
shown in Fig. 5-3. 

We have already seen that 

■ ■ ■ s-' 

=/dc+^i sin wt+Az sin 2a>/-l- . . . 

+Bi cos wt+Bz cos 2«>/-|- . . . 
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The curve is symmetrical about its peak value at 0, and so 
the coefficient Ai is zero. The amplitude of the fundamental 
component is therefore simply Then; 



cos 8) cos 



Fig. 5-4. Sum of D.C. and Fundamental and Second Harmonic A.C. 
Components of Class B Pulse. 


= [g_sin d cos 6] ... 5-3 

7t(1-cos0)^ 

= ipm»xj2{0)- 

The ratio is tabulated for values of 6 from 0 to 90°, 

^pmax 

and is plotted in Fig. 5-5. //max is the amplitude of the funda¬ 
mental component of the current pulse. 


0=half conduction- 

angle, degrees: 

0 

10 20 30 40 50 60 70 80 90 

••max 

0 

•072 -146 -213 -280 '339 -390 -435 -471 -500 
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Equivalmt tank-circuit 

Since only the fundamental A.C. component of the current pulse 
excites a circulating current in the tank-circuit, the equivalent 
circuit for the latter becomes as shown in Fig. 5 •6. 

The tank-circuit is in effect being supplied with power from an 
A.C. source of Vt volts RMS, where: 

V ^^rmax_^ plate-volts swing .. 

^ V2 2V2 

The tank is tuned to resonate with the “supply” frequency 
(since it is tuned to the drive frequency) so that the tank-circuit 

presents to Vt a purely resistive load of ^ ohms. The current 



Fig. 5-5. Graphs of/,(«) and f,(6) for “ 1st Power” Law. 

drawn from the “supply” is If, the RMS value of the fundamental 

A.C. component of ip, 

, Vt ^ < c 

.... 5-5 

CR 

(dqL being the reactance of L at the resonance frequency. The 
circulating current in the tank. It, is Q times as large as the supply 
current, i.e. 

h^QIf . 5-6 

The derivation of 5-5 and 5-6 was given on p. 32, Chapter 1. 
The power being supplied to the tank is: 

Pj.=Fr//=/r^R watts.5*7 

watts (from 5*5) .... 5*8 

^(OoL 
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It is undesirable to make Q less than about 10 or 12, and it is 
clearly necessary that Vj should be as large as possible, for high 
power. With Class B and C amplifiers of this type, Vroax can be 
made about -85 or -9 fbc; i.e. the plate-voltage vp can be made 
to swing between -1 or -15 Edc and 1-85 or 1-9 Eoc (see Fig. 5-2). 

The resistance R of the tank-circuit would ideally be entirely 
due to the load. In practice it is made up from the series-coupled 
resistance of the true load, plus the inevitable series-resistance of 
the tank-circuit itself. For the common case of magnetic-coupling 
to the load (Fig. 5-7) the relations are; 

Coupled resistance J?coupied= ‘*^ - y - v- ohms . 1-84 

Coupled reactance A'coupied=—^ ohms . 1-85 
_ ■^ 2 ^ 

where Z 2 = ^/ 

X2~OjL2. 



Fig. 5 6. Equivalent Tank- Fig. '$•!. Load Inductively 

circuit. Coupled to Tank. 

The effective series resistance of the loaded tank-circuit is 
therefore: 

R=RT-¥RcoMr>iti ohms ... 5-9 

Rt being the inherent tank-resistance, which must be kept as 
low as possible. Since the tank power Pt=It^R, the “tank 
eflRciency”, i.e. the ratio 

Useful power to load _ _ i?coupied 
Total power to tank~’^^“” R 

The effective series reactance of the loaded tank is: 

A'=A'x.—Xcoupitd—A'c ohms . . . 5T1 

i.e. the coupled reactance behaves like a series capacitive reactance; 
this, of course, would alter the resonant frequency of the tank, 
which must be retuned whenever the loading is altered. It must be 
remembered that we are dealing here with an amplifier having a 
fixed drive-frequency. Retuning would be carried out by alteration 
of the value of L or C, and the tank is correctly tuned when the 
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average value of the plate-supply current, Idc, is a minimum for 
a given load; the effective series reactance X is then zero. 

Graphical treatment of the complete amplifier (Class B) 

It was seen in the case of the Class A amplifier of Fig. 4’11 (b) 
that a relatively large power output can only be obtained if the 
plate-volts and plate-current “swings” are large. With the pulse- 
operation inherent in B and C amplifiers, large swings can be 
obtained without the necessity for a large standing-current com¬ 



ponent. It should be realised that this is due to the tuned load, 
the voltage across which must vary sinusoidally, because of the 
large circulating tank-current; it is for this reason that the Q 
value of the loaded tank must be kept reasonably high, e.g. not 
less than 12; values between 20 and SO are common in industrial 
H.F. practice. 

Fig. 5‘8 shows graphically the relations of all the quantities 
involved for the Class B amplifier, and is based upon the static 
vp—ip characteristics of the valve. For simplicity linear charac¬ 
teristics are assumed. 
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A complete cycle of drive-voltage eg=Egmix sin cot, superimposed 
on a negative-bias voltage —Et, results in a sinusoidal grid-to- 
cathode voltage variation between the limits 

Vg—~\ri.P‘gmax~P‘l^ Und Vg——(^Egnax'i’P'b)- 


For a Class B amplifier, Eb= 



, and plate-current flows during 


the whole of the positive half-cycle of drive-voltage, rising to a 
peak value of /pmax. 

ipmax should He on, or just to the right of, the limiting edge, 
and is made as large as the cathode-emission reasonably permits. 

The corresponding plate-voltage variation is sinusoidal, the 
tank-voltage amplitude vrmax being fixed by the tank-impedance 
and the fundamental A.C. component of the current-pulse, i.e. 

VTmax“lfmax’^T VOltS .... 5*12 


where Z 7 -=effective impedance of loaded tank. 
The correct tank impedance therefore is: 


Zr=-p^ ohms .5-13 

■•/max 

tpmax 

Since lfinax“*^ipmax for class B. 

It can be seen that the whole design of a Class B amplifier depends 
upon the correct choice of the full-load peak current, ipmax- The 
valve manufacturer usually quotes the permissible average plate- 
current Idc for Class B operation, and if this is known, then: 

/pmax=;^=7r/Dc amperes . . . . 5-15 

from equation 5-2 and graph. 

Alternatively, as an approximation, we can insert assumed grid- 
and plate-voltage values in equation 4-1, i.e. 

ip = ^-\-SmVg .4'I 

^p 

So that ipmax=^^+gmVgmax ■ ■ ■ ■ 5-16 

Putting Vpmin~ i *2vgmax (see p. 107), 3.nd dlsO Vpmin ~ * 1 5 £dC> this 
being an average value realised in practice, we get: 

Ipraax- + 


5-17 
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A third method of estimating the proper value for ip^ is 
pven on p. 131 in connection with the Qass C amplifier, and is 
based upon the filament emission current. 


Input power, output power, and efficiency of power-conversion 

The input power from the D.C. supply is: 

watts.5‘18 

The output power to the tank is: 

Po=^Tlf 

= (since//=:^*) . . . 5-19 

And if we assume, as for equation 5*17, that 

i.e. 't’7'max“ 

y Z y Z 
= -SGIEdcIdc 

= -667P/watts.5-20 

So that the efficiency of conversion from D.C. to A.C. power is: 


r,=66-7%. 

Higher efficiencies are realisable for Class B, depending upon 
how small Vpmin can ^afely be made without excessive grid- 
current, or the appearance of a sharp dip in the centre of the plate- 
current pulse-form. The limiting value of rj for the case where 
Vpniin=0, i.e. peak tank-volts=£ dc. is 78-5%, but is, of course, not 
realisable. 


Plate dissipation power 

The difference between D.C. input power and A.C. output power 
to the tank and load represents power that must be dissipated by 
the valve, 

i.e. P ^Pj-Po 

plate-dissipation 

=Pp. 

The whole of this power is converted to heat at the plate, and in 
the larger valves the plate is cooled artificially. Small valves, 
c.g. up to 1 KW rating, are “radiation cooled”. 

The plate-power at any instant is the product of plate-volts and 
plate-current, vpip watts. In pulse-operated tuned amplifiers 
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current flows only while the plate voltage is relatively low, so that 
fairly high efficiencies are obtained. 

For a Class B amplifier to yield 5 KW of power to the tank, the 
valve must be capable of dissipating some 2-5 KW at its plate, 
since the realisable efficiency is about 2/3. 

The grid circuit 

The negative bias voltage is; 

Eb= volts.5-21 

P 

since the valve is biased to cut off. 

The amplitude of the drive-voltage Cg must be such that the chosen 
value of /pmax can be realised, 

i*®- ^txaa,x — ~~~ hVjmax.5‘22 

P- 



Fig. 5-9. The Grid-current Pulse. 


For the average case of = 

WC ^gmax~-^DC + • 125j volts . . . 5-23 

During the time that Vg is actually positive, a grid-current pulse 
occurs. This is illustrated in Fig. 5-9. 

If the grid-current characteristics of the valve are available, as 
shown in Fig. 4-9 (d), it will be possible to read off the peak grid- 
current igaaix for the assumed or calculated values of v^min and 
•fugnua- The grid-current pulse does not follow a linear law, 
as does the plate-current nearly; rather it approximates to a 
square law. The average grid-current over a whole cycle can be 
found in terms of the peak value, from the curve of Fig. 5-10, 
which is the equivalent of Fig. 5-5 but for a squared-sine function. 
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The half-conduction-angle 0, for grid-current is seen from 
Fig. 5-9 (a) to be related to Ei and £',max; 

Eb—Egraax COS Bg^ 

i.e. cos Bg=-M^ .5-24 

Hence 6g can be determined, and the average grid-current Ig 
obtained from Fig. 5-10. 

If no information is available concerning grid-current, an estimate 
may be made, for preliminary design purposes, based upon; 

igmux ^ "25 ipmax .5 "25 

whence fs—'25/pniaxy'(^s) • • • 5‘26 

0-25 


0-20 


0-15 
010 
0-05 
0 

0“ 10° 20° 30° 40° 50° 60° 70° 60° 90° 

Half conduction-angle, 9g 

Fig. 5-10. Graph of/(9g) for “Square Law”. 

The power-dissipation in the grid-circuit can then be estimated. 
Grid-current flows only while e, is in the neighbourhood of E^max* 
and a fairly accurate estimate of total grid-circuit power is obtained 
by assuming that Cg is constant at Eg^^x during the time of the 
grid-pulse. The result is usually between 5 and 10 % high:. 

Pdrivc^Egxn^j^Ig WattS .... 5*27 

Part of this power is dissipated at the grid, the instantaneous 
grid-power being: 

Pg^Vgig watts. 

The majority of the grid-drive power, however, is dissipated in 
the bias source; if batteries are used to provide the bias-voltage £*, 
these will be charged as a result of grid-current, the power thus 
converted being: 



Pa^^EbJg watts 


. 5*28 
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The average power dissipated in heat at the grid is therefore; 

^ (.^gmaxl^g 
~lg(.l^gnax 

=lgVgcMx watts, approximately . 5-29 

vgmax is the maximum positive grid-voltage, and can be measured 
with a peak valve-voltmeter (see Chapter 8). Average grid-current 
is measured with a moving-coil milliammeter, as shown in Fig. 5-15. 

The usual method of providing grid-bias is by means of a grid- 
resistor, across which a bias-voltage Et—IgRg is developed. This 
is described on p. 138. 

Worked example of Class B amplifier design 
V'alve: R.C.A. type 207, water-cooled. Maximum permissible 


plate dissipation 10 KW; /x=20. 

Plate supply volts. £'dc= 12,000 

Maximum D.C. plate-current, amperes . /dc=2-0 
Maximum D.C. grid-current, amperes /«=0-2 
Required operating frequency, MC/S /= 1 -0 

Assumed tank-circuit Q on full load Q=20 


Valve plate-circuit relations 

Peak plate-current, /pmax=w/Dc=6 28 amperes. 

Amplitude of fundamental component of plate-current, //niax= 
0-5/pmax=314 amperes. 

Putting Vpmin=‘15£'DC=180O volts, gives vrm«x=(12,000—1800) 


= 10,200 volts. 

r~ , TT1-. 10,200 

Tank H.F. power = 


3-14 

\/2 


X 


10-3 KW =16 KW. 


D.C. input power Pdc= 12,000 x 2 0x 10-3=24 KW. 


Plate dissipation power Pi)=24—16=8 KW. 


Plate conversion efiiciency= 24 X 100=66-6%. 


Valve grid-circuit relations 

From manufacturers’ curves, /pmax=6-28 amperes at Vp=1800 
volts, when +Vgra^x —900 volts. The grid current for these conditions 
is »,max=0-85 ampere. 

Grid-bias voltage, Efr=—^^=—600 volts. 

Peak drive volts, £’^.„=600-1-900= 1500 volts. 

9 
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Half-conduction-angle for grid-current, 0,=cos~i 

A 


600 

1500 


=67“. 


giving /(df )=^ =185. 

*^max 

Average (D.C.) grid-current, /g='185 x •85=-157 amperes. 
Grid drive-power = Egmixlg = 1500 x • 157=235 watts. 

E 600 

Grid-resistor required, /?jf=Y^=qy^=3820ohms, used in con¬ 
junction with a series H.F. choke, as described on p. 138. 


Tank-circuit relations (on full load) 

to 900 

RMS tank-voltage, Vt=—'-^=1220 volts. 

V 2 

3-14 

RMS supply current to tank, Ij=—^=2-22 amperes. 

V2 

7220 

Tank imp)edance, Zr= 2 :^ =3250 ohms. 

Tank circulating current /r=Q//=20 x 2-22 =444 amperes. 
Tank inductance (effective value when loaded) from equation 5-8: 

Vr^ 




=72 fiH. 

Tank tuning capacitance ^from /= 


1 


27 rVLC, 


)■ 


1012 


The Class C aniplifiei<^°* 

As already stated. Class B operation is a particular case of Class C, 
i.e. the limiting case, in which the plate-current pulse occupies a 
half-cycle. The general case is now considered, in which the 
plate-current flows for any period up to half a cycle. 

The effect upon the plate-current pulse of increasing the negative 


grid-bias voltage beyond the “cut-off” value of 


Epc 


was seen 


in 


Fig. 5-1 (c). On the assumption that the pulse-waveform is 
identical with the top portion of a sine-wave, this pulse was analysed 
(p. 119) and the average and fundamental-component values 
obtained in terms of the peak pulse current. 

Fig. 5*11 shows graphically the relations of all the quantities 
involved for the Class C amplifier, and is based on the static vp—ip 
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characteristics of the valve. For simplicity, linear characteristics 
are assumed. Reference should also be made to Figs. 5'1 and 5*2. 

Plate^ircuit relations 

The safe peak plate-current, /pma*. niay be determined from 
equations 5-15 or 5-17, in the absence of complete valve charac¬ 
teristics, or it can be estimated thus: 



Fig. 511. Graphical Treatment of Class C Amplifier with Tuned Load. 

For a given type of filament or cathode the permissible peak 
pulse current per watt of cathode-heating power is given below. 
Type of emitter: Pure tungsten Thoriated tungsten Oxide-coated 

Peak mA per watt of 

heating power*: 4-5-7-5 15-25 20-50 

For a filament or heater power of Pf watts, the value of ipnax 
is then given from 

iVraax=F/Xpeak mA/watt .... 5-30 

• Peak grid-current is usually about one-quarter of the peak plate-current, and 
these tabulated values are thus approximately 80% of the corresponding total 
permissible space-current values. For pure tungsten filaments, the peak space- 
current may be made equal to the total emission, but for thoriated-tungsten and 
oxide-coated filaments large safety-factors are applied. 
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For example, the Marconi-Osram CAT6 valve-filament takes 
75 amperes at 19 volts, and the peak permissible plate-current is 
8 amperes; a tungsten filament is used. This corresponds to 
5-6 mA/watt. 

Having determined a suitable value for ipnax, the amplitude 
of the fundamental-component of plate-current is obtained from 
Fig. 5*5 for any chosen value of 6, the “half conduction-angle”; 
let this be //max amperes. 

As before, the minimum plate-voltage is about -ISEdc. so that 
the tank-voltage amplitude is -SSEoc- 

The power supplied to the tank-circuit is then: 

watts .... 5-31 

V2 V2 

(See also equation 5-7.) 

= •425£dc ipmixM0) watts . . . 5-32 

= [a constant] x/i(0) for a fixed value of tpmax- 
This power increases with the conduction angle 26, after the 
manner of the curve in Fig. 5-5. 

The D.C. power input to the amplifier is: 

Pi=EdcIdc .518 

=Eocipm^fiiff) watts .... 5-33 


= [a constant] x /i(,6) 

for a fixed value of ipma%, fi{&) being the ratio plotted in 

^pmax 

Fig. 5-5. 

The input power increases with the conduction angle 26 after 
the manner of the fi{6) curve in Fig. 5-5. 

The efficiency of power-conversion from D.C. to A.C. in the 


plate-circuit is therefore: 


^-pr 


. . 5-34 


The efficiency falls steadily from about -90 for a 20° pulse to 
•667 for a 180° pulse (i.e. Class B). On the other hand, output 
power increases steadily as the pulse-angle increases. A useful 
criterion for selecting the value of 6 is the product rjPo. This has a 
maximum value at 0=90° (i.e. a 180° pulse), but does not diminish 
sharply until 6 is reduced to about 60°. Since a compromise must 
be made between large power-output from a given valve, and 
efficiency of power-conversion, 6 is usually chosen in the range 
60° to 75°, i.e. a current-pulse of 120° to 150° duration. The 




V] 


Class B and Class C Operation of Power Amplifiers 


133 


valve-efficiency then ranges from 76% at 6=60°, to 72% at 6=15°, 
so that about three-quarters of the D.C. input power is converted 
to A.C. power in the tank-circuit. Not all of this is ultimately 
transferred to the load, as losses occur in both tank- and work- 
coils, and in the tank condenser. 

The importance of having as low a value as possible for Vpmin 
is obvious, but the plate-voltage must not be allowed to fall below 
the peak positive grid-voltage, -1-Vgmax. The values already quoted, 
i.e. rpmm=-15£'Dc=l-2ugmax ure typical, though Vpa^ may even be 
twice 

Tank circulating current h will be; 

h RMs=^^^ amperes (see also equation 5-6). 

V2 

In induction-heating applications it is usually necessary to make 
It very large, and Q is usually between 20 and 50, but tank It'^Rt 
losses increase rapidly as Q is increased. It is clear that the tank 
KVA (i.e. product of tank-voltage and circulating current) will 
be large: 

Tank KVA=^"r/r=«2i"o • • • • 5-35 

Thus, if tank power is 10 KW and Q=50, the tank KVA is 500. 

In equation 5-9, Rj represented the effective inherent resistance 
of the tank-circuit itself, the tank-circuit loss being It^Rt watts. 
It is necessary to know how this power-loss is divided among the 
several components of the tank, i.e. tank-coil, work-coil, and 
tank condenser. 

Power-loss in tank-coil=/r2/?Tc watts . 5-36 

Rjc being the H.F. resistance of the coil. 

Similarly: 

Power-loss in work-coil=/r2jRwc watts . . 5-37 

when, as is the usual case, the work-coil is in series with the tank- 
coil. 

The tank-coil is a more or less permanent component, being 
never, or only infrequently, changed. It may therefore be made 
from large diameter copper tubing, and will generally be water- 
cooled. The work-coil, on the other hand, is usually changed 
for each different job, and nearly always is of necessity made from 
relatively small tubing, e.g. i' to outside diameter, and water- 
cooled. The power-loss in these coils is best determined calori- 
metrically, from measurements of temperature-rise and rate of 
flow of cooling water, together with measured tank-current. 
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The power-loss in the tank-condenser depends upon the condenser 
power-factor, tan 8 (see Ch. 7). It is given by: 

Pc=Condenser KVA X tan 8 . . . 5-38 

Dealing here only with the simple case shown in Fig. 5-1 in 
which a single condenser is in parallel with the tank-coil, the 
condenser KVA is the tank KVA, so that 

Pc—QPo tan 8.5-39 

A power-factor of -0005 is reasonable for mica condensers, so 
that for the 500 KVA tank quoted above, the condenser power- 
loss would be 250 watts. It may be necessary to cool the con¬ 
denser artificially in some cases, e.g. by fan or by immersion in oil. 

The selection of suitable values for tank inductance L and 
capacitance C follows from equation 5-8: 



Pt-— ■* 

. . 5-8 


^ Giooi. “ . . . . 

So that 

, Fr^.ioe . . 

^— 2 „fQp nucrohennes 

. 5-8 (a) 

and 

pH) • 

CO 


It will be seen later (p. 145) that in many cases either the coil 
or the condenser is tapped to provide the grid-drive voltage from 
the tank; the valve then requires no external driving-source, and 
becomes a self-oscillator. Special requirements of the tank- 
circuit for these cases are discussed in the section dealing with 
oscillators. 

Grid-circuit relations 

For selected values of /pmax and 0, it is necessary to determine 
the correct values of grid-bias voltage Eb and drive-voltage 
amplitude Egtanx- 

Drive-voltage and tank-voltage are in phase, and plate-current 
commences when the instantaneous plate-voltage vp is /Lt-times 
the corresponding grid-voltage Vg, but of opposite sign. Referring 
to Fig. 5’11, plate-current commences when the tank-voltage 
t)r=vrina» cos 6, i.e. when 

Vp=EDC—VTmax COS 6 VOltS. 

At this instant, therefore, the grid-voltage is: 

volts. 
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This voltage is, however, Eganx cos 6 above the bias voltage, 
—Eb. The drive-voltage amplitude is therefore: 

c _E" D I r^DC” Vrmax cos d~\ , 

P'gmax — P'gman COS C7+ ~ J 

vgtaax being the peak positive grid-voltage, 

r £pC ^ n.x _ CO S g n 

l.e. £«max= 1 _coS d ‘ ‘ ^ 



Fig. 5-12. Graph of /a(9). 

The negative bias voltage Eb is, from Fig. 511: 

_ |^ ^DC-V^.x , COSg _^_^^^^^ 

Substituting for E^max from equation 5-40, and puttingfEoc—Vpinin) 
for VTtaax, this expression becomes: 

r r-^DC I /Vpmin | \ COS 6 ”] 

^*=-L-;r+lir+^H 

-[^ + (“+%m.x)/3(e)]voltS . . 5-41 

The function /ii0)= ^ .l^^oO Plotted in Fig. 512. 
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$: 
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20° 
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6-47 

3-275 

1*80 

1-00 

0-52 

0*22 

0 


Equation 541 involves no approximations, except, of course, that 
it is based upon linear valve-characteristics. For the particular 
case of vpmm=’15£’Dc=l’2u,max, it Simplifies to: 

Eb= -£Dc[^-l-(y-l--125) /3(0)] volts . . 542 



It is of interest to note the dependence of E* upon the amplifica¬ 
tion-factor fi. This varies, for different triodes, between 3 and 100. 
Fig. 5-13 shows the negative bias voltage as a fraction of Edc, for 
various values of (i, and for two values of 0, i.e. 0=60° and 0=75°. 
The curves are calculated for the particular case of equation 542. 

Grid-current flows during the time that the grid-potential is 
positive, i.e. from —0, to -f-0, in Fig. 5-9 (a), where 

COS’0, = jg^ 


. . 5-24 
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The half conduction-angle dg can thus be found. The peak 
grid-current can be determined accurately only from the grid- 
current characteristic-curves; these are not always available, so 
that igman. is usually assumed to be -ISipmax- Then the average D.C. 
grid-current is; 

7g ~ igmax f 

the value of f(d^ being read from Fig. 5'10. 

Total grid-drive power is then given approximately as: 

P drive ^ ■^i'max Ig WattS . . . . 5*27 

Methods of obtaining a negative bias voltage 

Three methods are available for providing the bias voltage 
Eb. These are: 

(1) Battery bia^, arranged as shown in Figs. 5*1 (a) and 
5-9 (b). Alternatively, a rectified 
supply from an A.C. source, e.g. the 
50 cycles/sec mains. 

(2) Cathode-resistor bias (Fig. 

5-14). A resistance Rc is connected 
between cathode (or filament) and 
the negative terminal of the D.C. 
supply Fdo and is shunted by a H.F. 
by-pass condenser which carries the 
A.C. components of the plate- pjg_ 5 .i 4 _ Cathode Resistor 
current, the current in Rc being the Bias. 

D.C. component/ dc- The cathode E*==/Dc/?f volts, 
is thus raised to a steady potential 

of •+•£’*=/dc7?c volts above the negative D.C. line, and since the 
average grid-voltage is that of this line, the grid is held at an 
average potential of —Eb relative to the cathode. It should be 
noted that the effective plate-supply voltage E't>c is now less 
than the total D.C. supply voltage by the amount Eb. 

Obviously, Class B or Class C bias is impossible by this method 
in the absence of any drive (unless a second resistor is connected 
between cathode and H.T. positive, when initial bicis can be 
obtained). However, if the bias-condenser has a large capaci¬ 
tance it can store a sufficient charge, received from the pulses of 
plate-current, to give Class C bias when drive is applied. The 
power dissipated in Rc is EbIoc==Ix>c^Rc watts. 

(3) Grid-resistor bias (Fig. 5-15). 
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Grid and cathode form a diode rectifier, of which the grid is 
the “anode”, and which permits current only when the grid potential 
is positive relative to the cathode. When grid-current flows the grid 
condenser Cg is charged, with the polarity shown, thus introducing 
a D.C. component into the grid-cathode voltage, the grid-voltage 
being negative. In the absence of any possible discharge-path 
such as Rg, Cg would eventually become charged to the peak- 
voltage of the drive, i.e. to and the grid-potential could 

not then rise above zero (see Fig. 5-16). This would, of course, 
severely limit the power-output. With Rg connected as shown, the 
voltage across Q will always be less than Egmm so that vg can 
become positive during the peak of the drive-voltage. Variation 
of Rg thus provides a means of adjusting the peak positive grid- 
volts, -fvgmax. The negative-bias voltage then is: 

Eb=IgRg volts.5-43 

Ig being the average grid-current, as measured with a moving- 

coil meter. A grid-current meter 
is usually incorporated, as shown 
in Fig. 5-15. 

Grid-resistor bias is nearly always 
used in self-oscillators, and then not 
only is a finite value of Rg essential 
for the reason already given, but 
also to allow for quick automatic 
adjustment of the bias to any change 
in drive-voltage. This requirement is important, and restricts the 
choice of values for Cg and Rg. 

The grid-resistor will be required to dissipate the greater part of 
the total drive-power : 

Pgg=EJg=Ig^Rg watts .... 5-44 

This power will be of the order of 1 to 5 % of the D.C. plate 
input power, for triodes, the smaller percentages corresponding to 
the larger valves. A mat-type of resistance is convenient where 
the grid-resistor power is considerable; tappings are brought out 
to a stud-switch for variation of Rg. 

The H.F. choke Lg shown in Fig. 5-15 is necessary to suppress 
the A.C. component of current which would otherwise flow in 
Rg due to the drive-voltage eg across it. The reactance of Lg 
should preferably be not less than 5Rg ohms, 

A combination of grid-resistor and cathode-resistor bias is 



Eb=IgRg volts. 
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sometimes used, the latter being in the nature of a safety precaution 
to protect the valve in the event of removal of drive-voltage Cg. 

H.F. grid-current 

In H.F. power ampUfiers and oscillators, it is important that 
the H.F. current flowing in the grid-circuit shall not exceed a 
specified value. For example, in the R.C.A. type 207 triode, a 
water-cooled type with a plate dissipation of 10 KW max, D.C 
plate-current of 2-0 amperes, D.C. grid-current of 0-2 ampere, the 
specified maximum H.F. grid-current is 30 amperes. This current 
is almost entirely due to the capacitance-component (i.e. suscep- 

tance. Be— ^ j of the input admittance, Y. 




Fig. 5-16. Effect of Value of Rg, showing )> when (a) — £* is less than Egmax ; 

EgmsiXy i.e. when^g-=^oo. 

The grid-cathode capacitance of this valve is 18 /x/^F, and grid- 
plate capacitance 27 /x/iF. When used with a tuned load, the 
effective load impedance is resistive, the voltage developed across 
the load being, say, n times the grid-drive voltage. This voltage 
ncg is opposite in phase to the drive voltage (see Fig. 5T7) so that 
the effective voltage across the grid-plate capacitance is (/i-i-l)eg. 
The magnitude of the total H.F. grid-current /^hf is therefore: 

IsHe—egCtiCgf\-(fl-¥Y)egO)Cpg 

=coeg[(C,/-l-Cpg)-f/tCpg] amperes . . 3-45 

So that the effective input capacitance is; 

Ce(r= Cgf -F Cpg+nCpf 

— c»/+(w+OC'p* 


. 5-46 
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In the particular case of the 207, for example, n will be about 
4 for typical Class C conditions (peak drive-voltage == 2000, peak 
load-voltage =8500), so that the effective input capacitance is: 

Ceff=I8-|-(5x27)=153 ixfiF. 

Thus, e.g., the R.M.S. H.F. grid-current, for a peak drive-voltage 
of 2000 volts, at 10 MC/S, would be: 

9000 

x2ffx 107X153 X 10-'2 amperes 
= 13’6 amperes. 

The R.F. “by-pass” condenser 

It is the normal practice to shunt the D.C. plate-input terminals 
with a condenser having negligible reactance to current at the 
operating-frequency of the amplifier. This eliminates the A.C, 


Polarities are shown 
for instant of eg max 


Fig. 5-17. Equivalent Circuit for Input Admittance of Triode with Tuned 

Load. 

components of the plate-current from the D.C. source, which then 
supplies a practically steady current /dc to this condenser and the 
valve-circuit. The “smoothing” of this supply current may be 
yet further assisted by the incorporation of a H.F. choke-coil 
between the D.C. positive and this by-pass condenser. An 
alternative point of view of the action of this condenser is to regard 
it as the energy-reservoir for the valve-circuit. Energy is drawn 
from it in pulses by the valve-circuit, and supplied to it at an almost 
steady rate from the D.C. source. Fig. 5'18 shows the two cases 
referred to. 

The rating of the by-pass condenser C* must be such that it is 
capable of withstanding the full working voltage Ebc and of 
carrying the fundamental component // of the plate pulse-current, 
together with small-amplitude components of higher frequency, 
e.g. the maximum amplitude of the second-harmonic component 
is about 4/fa». 
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Shimt-fed tank-circuits 

The point A in Fig. 5‘18 (a) and (b) is effectively at cathode- 
potential to H.F. currents, since the reactance of C* is negligible 
at high frequencies. The tank-circuit is therefore in effect across 
the valve, which may conveniently be regarded as a H.F. generator 



supplying the tank, as shown in Fig. 519 (a), which is concerned 
only with alternating quantities. 

Fig. 5-19 (b) shows the usual arrangement which permits the 
tank-circuit to be grounded instead of operating at an average 
potential of Eoc volts above “ground”. The coupling-condenser 
Cc must have negligible reactance at the operating frequency, 
while the “decoupling” choke Lch should have a reactance at 



Fig. 5-19. Shunt-fed Amplifier with Grounded Tank. 

least ten times the impedance presented by the tank. This choke 
is usually of the basket-winding type. 

In many industrial applications, direct conductive connection 
is made between the tank and the work-circuit, so that a grounded 
tank is essential. This method of supplying the tank with H.F. 
energy is referred to as “shunt” or “parallel” feed, and is 
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characterised by the fact that the D.C. component of plate-current 
does not flow through the tank-coil. 

The arrangement previously considered, and illustrated in 
Fig. 5-18 (a) and (b), is referred to as “series feed”, in which the 
D.C. component of plate-current flows through the tank-coil, 
which is at high-potential. 

Worked example of Class C amplifier design 

In the following example the valve used is the Marconi CAT6, 
a water-cooled valve with a maximum permissible plate dissipation 
of 12 KW. The operating conditions arrived at are approxi¬ 
mately those realised in the H.F. induction heating plant shown in 
Fig. 5-30, early models of which employed two of these valves 
connected in parallel. The calculations below are for one valve: 

Plate supply voltage. Eoc = 10,000 

Peak plate-current./;,max=8-0 amperes 

Maximum permissible D.C. plate-current loc =2 0 amperes 

Total emission current .... Ie = 10-0 amperes 

Plate resistance. Rp =5000 ohms 

Amplification factor. ix =45 

This valve is also available as a forced-air-cooled type (see 
Fig. 4-2), when it is known as the ACT14; the maximum plate 
dissipation is reduced to 8 KW. 

Plate-circuit 

Let the half-conduction-angle for plate-current, 0=60°. The 
corresponding amplitude of the fundamental component of plate 
current, for /Vmax=8 0 amperes, is (from Fig. 5-5): 

/yi„„=0-39x 8=3-12 amperes. 

Minimum plate volts: 

vpmto=-i5EDc approx. 

= 1500 volts; 

.'. Amplitude of tank voltage: 

V7ta«x=8500 volts. 

H.F. power in tank: 

10-3=13-25 KW. 

Supply current (D.C.)=0-22x 8-0= 1*76 amp^es (from Fig. 5-5). 
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D.C. power input= 10,000 x 1*76 x 10-3=17-6 KW, 
Plate dissipation power= 17-6—13-25=4-35 KW. 

13-25 

Plate conversion efficiency '»j=jy;g-x 100=75%. 


Grid-circuit 

The peak plate-current of 8-0 amperes is obtained with 
= 1500 volts, for a grid-voltage, -l- «ymax=850 (from manufacturers’ 
curves). 

The required bias voltage is therefore: 

. . 5-41 

= — 11(X) volts approximately. 

In the application referred to, the bias voltage may rise to 
—2000. The above method of calculation based upon linear 
valve characteristics predicts that such a change in bias voltage 
would reduce the output power to about 11 -6 KW; actually it 
falls to 12-5 KW. The curve in Fig. 5-12 shows how rapidly the 
required bias voltage increases as d is reduced below 60°. 

The peak grid-current, corresponding to -l-vymax=850 volts, 
v/miin=1500 volts, is approximately 1-75 amperes, and for the 
calculated bias of 1100 volts we have: 


Eb 1100 . 

i.e. 0g = 55-5°and/(0,t)=16. 

Then average grid-current, 4=-164max 

= • 16 X 1 -75=0-28 ampere. 

This is reduced to 0-23 ampere, approximately, when 
£■6=—2000 volts. The grid-resistor required for this voltage is: 

Eb 2000 


n _^^_ 

I ~ -23 


= 8700 ohms. 


and the grid drive power: 


Pdrive=i=£'*max 4 = 2850 X -23 = 656 watts. 


Tank-circuit (loaded) 

RMS tank-volts, Fr=^^=6(X)0. 

3-12 

Tank supply current, /y=—^==2-2 amperes; 

V2 
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/. Required impedance of loaded tank=-2;y=2730 ohms. 

Q may be as high as 50 in many induction-heating applications; 
then tank circulating current /r=G//=50x2-2=110 amperes. 

Tank inductance and capacitance values can be calculated from 
equations 5*8 (a) and (b), p. 134, for any given frequency and Q value. 

The triode-valve oscillator 

In the power amplifiers discussed in the previous section, the 
tank-voltage developed across the tuned plate-load is for all 
practical purposes sinusoidal, and a large circulating current exists 
in the tank. It is quite easy, therefore, to obtain a suitable drive- 
voltage eg=Egaan sin cut from the tank, i.e. the A.C. drive is 
obtained from the A.C. output. This may be done in several 
ways; Fig. 5-20 shows the principle, while Fig. 5-21 shows three 
methods of providing a coupling between output and input circuits. 

“Feed-back " 


Useful y^.C. 

Output 

(j. e. drive) 

Fig. 5-20. Principle of Self-driven Amplifier—“Feed-back Oscillator”. 

At the present time practically all industrial H.F. power derived 
from valve-systems is generated by such “self-oscillators” as these, 
as distinct from power-amplifiers driven from entirely independent 
sources. In addition to simplicity, the power-oscillator has the 
important property of automatically adjusting itself to changes in 
the constants of the tank-circuit consequent upon changes in the 
nature of the load coupled to it. It has been pointed out that the 
load-constants will in general modify the resonance-frequency of 
the tank, but with the drive derived from the tank-circuit, the latter 
is of necessity tuned to the drive-frequency automatically. Small 
changes in frequency are unimportant in industrial applications of 
H.F. power, so that the power-oscillator is quite satisfactory. 
Class C operation is always used, with a current-pulse angle of 
12(r-15(r. 

Apart from the provision of a suitable drive-voltage and 
drive-power from the output-tank circuit, the arrangement is a 


A. C. 
‘Inout’' 


Amplifier 
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power-amplifier as already described. The problems peculiar to the 
oscillator are therefore those concerning the feed-back coupling. 
Fig. 5*21 (a) shows the drive-voltage obtained by mutual induction 
between tank and grid coils. For any given value of tank-current 
It the induced voltage in the grid coil is: 

Eg-=(jjMlT volts, RMS . . . 547 

and the drive-voltage can be varied by adjustment of the coupling 
between the two coils. Equation 547 shows that the drive- 
voltage increases with tank-current, so that any small oscillatory 
tank-current will be reinforced and will build up, provided that 
the coupling is sufficient, and the drive-voltage has the correct 



(a)Tuned-Anode (b) Hartley 



(c) Colp/'tts 

Fig. 5-21. Series-feed Oscillator Circuits. 


phase-relation to the tank-current, the ultimate limit to the tank- 
current being set by the “limiting edge” (see Fig. 4-10) which, for a 
given drive-voltage, determines the value of Vpmin and hence 
VTmax- The coupHng will normally be adjusted so that +vgmax does 
not exceed v^min; an increase in coupling beyond this point would 
be accompanied by a reduction in tank-current (since a trough 
appears in the centre of the plate-current pulse form); the 
resultant reduction in drive-voltage tends to make the required 
coupling less critical. 

Self-bias by means of grid-resistor and grid-condenser is invariably 
used in these triode feed-back oscillators, the negative bias voltage 
10 
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building up automatically as the oscillation-amplitude builds up. 
Any change in drive amplitude is thus followed by a counteracting 
change in bias, e.g. if the amplitude is reduced, the bias is reduced, 
tending to neutralise the change in drive-voltage. It is important 
that the bias change occurs reasonably quickly, otherwise a state of 
intermittent oscillation may occur, known as “squegging”. The 
rate at which the bias alters, consequent upon an alteration in 
drive-volts, is determined by the time-constant CgRg, which should 
therefore be not too large; on the other hand, Q/?, should have a 
value corresponding to not less than, say, two cycles of the working 
frequency in order that the bias voltage shall be reasonably 
“smooth”. 

In both the Hartley (tapped-coil) and Colpitts (tapped-condenser) 
oscillators, the magnitude of the grid drive-voltage is adjusted by 
tapping the appropriate branch of the tank-circuit. Fig. 5-22 (a) 
shows the tank-circuit arrangement for the Hartley, in which the 
simplicity of drive-adjustment by coil tapping is seen. The 
oscillation frequency is not directly altered by alteration of the 
grid tapping-point; frequency variation is obtained from the tank- 
condenser tapping-point, while alteration of effective load- 
impedance on the valve is obtained by means of the plate tapping- 
point. Dealing with each adjustment in turn, the grid-drive 
voltage is, of course, that developed between the “earthy” point of 

T 

the coil, and the grid tap. This voltage will be roughly ^ x tank 

■* / 

voltage, where 7’,=turns between cathode and grid taps, and T, 
=total effective turns on the tank-coil, i.e. the turns across which 
the tank condenser is connected. The peak tank-voltage will be 
approximately given by: 

T 

vrin*x=? 7 rxPeak plate-volts swing 
= ^x-85£dc 

^ p 

under normal working conditions. 

These voltage relations based upon turns ratios are only approxi¬ 
mate, since the volts per turn are not constant throughout the coil, 
because the flux linking any turn depends upon the location of 
that turn, and is greatest at the centre of the coil. Fig. 5 23 shows 
the measured voltage-distribution along a Hartley tank-coil two 
diameters long, and having 14 turns. 
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Secondly, the frequency of oscillation is given approximately 


by/= 


10 « 


‘ inVZC "'berc C is the tank-condenser capacitance 

in microfarads, and L the effective tank inductance in microhenries; 
i.e. the inductance of that part of the coil which is spanned by the 
condenser. 

Thirdly, the effective load impedance on the valve is determined 
by the ratio of the turns Tp between the cathode and anode taps 
to the total effective turns. 

Referring to Fig. 5-22 (a), assuming that the voltage is uniformly 
distributed along the coil, and that the peak voltage across Tp, 




(ci.)Hai'tley Tank-circuit (b)Modified Coipitts 

Tank-c/rcu/t 

Fig. 5*22. (a) Hartley Tank-circuit, (b) Modified Coipitts Tank-circuit 
with Provision for Load Matching. 

i.e. the peak plate-volts swing, is constant and equal to, say, 
*85 Edc, we have: 

RMS voltage across 7; = ~ x 

1 P v2 

t p 

Circulating tank-current is then: 

/r=FrcoC amperes. 

Tank power=/r^/? watts 

c 

since at resonance. 
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This power is supplied from the source, which is connected 
across TV and which is working into a resistive load so that 


P ’_2 

Tank power=^, 

Kett 



where actual load impedance into which valve works. 

«_(resistive) impedance of tank-circuit at resonance when 

*^~CR~ supplied across the total turns T,. 

Thus the load-impedance presented to the valve can be varied by 
adjustment of the plate tap. The usual procedure is to make the 
coupling to the load as tight as possible, i.e. in effect to make R as 

large as possible and hence ^ small, and then to adjust the plate 

tap for maximum load power. It is the usual case that the coupling 
to the load is inherently low, values of /fcoupicd (i-c. that part of 
R which is due to the actual load) normally ranging from a fraction 
of 1 ohm up to about 5 ohms, for induction heating. 

Fig. 5-22 (b) shows a modified form of the Colpitts tank-circuit, 
in which the grid-drive voltage is varied by means of the tapped- 
condenser Cz, which may be of the bare pressed-mica type. 
Variation of effective load-impedance presented to the valve is 
obtained by adjustment of the mutual inductance between the 
coil L\ and the tank-coil Lz- Li carries only the plate-current, and 
may be solid copper wire of, say, 10 S.W.G., arranged to move 
axially over or through the tank-coil. The latter carries a large 
circulating current (e.g. 250 amperes for about 20 KW load-power) 
and so is made from 1* copper tubing, water-cooled. 

The coupling of the load to the tank-circuit is dealt with in 
Chapters 6 and 7, but it may be noted here that, for induction 
heating, it is usual to split the tank-coil into two halves, the work- 
coil being connected across the break so that it carries the tank 
circulating current. Frequency variation is then obtained by 
means of tappings on the two sections of the tank-coil, by condenser¬ 
switching, or a combination of both. 

It is seen from Fig. 5*22 (b) that the voltage Vp, which is approxi¬ 
mately constant for a given H.T. D.C. voltage, is divided tetween 
the plate coupling coil Lj and tank-condenser C|. Now the 
voltage drop across L\ due to its own current and self-inductance 
is negligible, but the voltage induced in it due to the tank-current. 
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i.e. oiMIr, is controllable and can be large. The direction of 
winding and the connections of Li are such that when o>MIt is 
large, the voltage across Cu and hence across the whole tank- 
circuit, is small, resulting in low tank-current and power-output. 
Maximum tank-current corresponds to minimum coupling between 
Li and the tank-coil L^. It will be seen that this arrangement has 
a partial compensating effect on any change of tank-ciurent, at a 
given setting. 



0 ; 2 3 4 5 6 7 8 9 JO V f2 r3 74 

Position along coH (turns) 

Fig. 5-23. Voltage Distribution along a 14-tum Coil. 
L=17*5cms. D=8-75 cms. 

The effect of load-variation on oscillator performance 
The design of the power-oscillator is based upon full-load power 
output. Variations of loading occur due to: 

(а) Changes in the electrical characteristics of the work during 
heating. 

(б) Introduction of work into, or its removal from, the inductor 
while the oscillator is switched on. A special case is automatic 
feeding of work into the inductor. 

Consider an oscillator correctly adjusted for, and delivering, its 
rated power output. A reduction in loading will be accompanied 
by; 

(a) A rise in tank-circuit Q, voltage, current, and KVA. 

(b) An increased H.F. drive-voltage between grid and cathode, 
since it is obtained from the tank. 

(c) A decrease in peak and average values of plate-current, 
consequent upon the lower value of 

(d) An increase in grid-current. 

(e) An increase in grid-bias voltage consequent upon (d). 
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With the drive correctly adjusted for full-load conditions, the 
removal of load might result in excessive grid-current. This in 
turn might lead to ‘*blocking”(2i) of the oscillator, and perhaps 
even melting of the grid-wires. A grid-current relay used in 
conjunction with a high-vacuum diode gives protection against 
serious over-driving (see Fig. 8-5). 

It is best, where possible, to arrange that the oscillator is switched 
off before removing the load, or, in automatic plant, that new work 
enters the inductor field as treated work leaves. Violent changes 
of load should be avoided. 

Although, in general, low coupling-factors arc the rule (a tank- 
circuit Q as high as SO is unfortunately often necessary), it does 
sometimes happen that, with a load in position, the coupling is so 
tight that the valve will not commence to oscillate; this involves 
manual readjustment of controls. With continuous repetition 
processes, initial adjustments should then compromise between 
satisfactory starting and subsequent heating. 

The changes in loading due to physical changes in the work 
itself consist, in the case of eddy-current heating of steel parts 
(Chapter 6), of a steady increase in power to the work as the work 
temperatiuc rises, followed by a rapid decrease in power as the 
magnetic change-point is reached. 

In the heating of dielectric materials (see Chapter 7) the load- 
power tends to increase as the heating proceeds, due to changes in 
both power-factor and dielectric constant of the work, for the case 
of plastics. On the other hand, where the heating results in drying 
out (i.e. dehydration), the power-factor and dielectric constant 
fall as the moisture is removed, and the oscillator load is 
reduced. 

It is desirable that the ratio of average to peak load-power shall 
be as high as possible, so keeping down the capital cost of generators 
to a minimum. Several alternative methods are discussed in 
Chapter 9. Automatic high-speed impedance-matching is the 
logical development for valve generators. 

The impedance-matching device shown in Fig. 5*22 (b) makes it 
possible to transform a wide range of work-coil impedance values 
to that required to load the oscillator fully. If this or any other 
suitable matching device were motorised, and the motor controlled 
so as to maintain constant oscillator plate-current, then the oscillator 
would deliver full load-power over the whole heating cycle, provided 
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that the work-coil impedance variations were within the scope of 
the matching device. 

Although not sharply critical, the value of the coupling condenser 
used with this arrangement (Figs. 5-22 (b) and 5*24) is chosen so as 
to have approximately the same reactance, numerically, as that of 
the plate coupling-coil Li. The tank impedance is resistive (to 
the f^undamental frequency), but the plate looks into an inductive 
resistance because of the presence of Lj. The inductive reactance 
depends upon the magnitudes of M and tank-circuit Q, but it 
approximates to otLi at full load (i.e., M and Q relatively small). 
Making the reactances of coupling coil and coupling condenser 
approximately equal may be likened to using a series-condenser 
with a H.F. inductor-alternator for the purpose of approximately 
neutralising the internal reactance of the alternator. An inductive 
component in the plate load broadens the plate-current pulse and 
also makes it lopsided; if Li and are badly mismatched, power 
output and conversion efficiency will be reduced. 

Valves connected in parallel 

The power output from an oscillator can be increased by using 
two or more similar valves in parallel, as an alternative to using a 
single valve of bigger rating. Parallel operation affords an easy 
method of conversion of an existing oscillator to a higher power, 
provided that the power-supply unit is suitable. The plates of the 
several valves are strapped together and connected to a common 
point; similarly the grids* and cathodes are each strapped to 
common terminals, and these connected to the oscillatory and 
supply circuits in the same manner as for a single-valve oscillator; 
valves for parallel operation should be of similar types, with as 
nearly as possible exactly similar characteristics. Points which 
should be observed when using valves in parallel are: 

(1) The effective plate resistance of n valves will be Rp 

being the plate resistance of a single valve. 

(2) The power output will be nPo, Po being the power output 
of one valve. 

(3) The fundamental component of the total plate-current 
will be nif', the corresponding component of plate-voltage will 
be the same as for a single valve. 

* A non-inductive resistance of 10 to 100 ohms should be connected in each 
grid-lead, to suppress parasitic oscillations; alternatively, a parallel combination 
of V.H.F. choke and damping resistor, as shown in Fig. S-24. 





Fig. 5-24. 20 KW Oscillator; Two CAT6 Valves in Parallel (Simplified Circuit). 
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(4) The correct load impedance will be ^ that for a single 

valve working under the same conditions as each of the n valves 
in parallel. 

(5) The drive voltage is the same as for one valve; the drive 
power must be increased n times. 

In order to realise point (4), it is necessary to reduce the inductance 
between the plate tapping-point and the earthy point on the tank- 
coil. In practice this limits the number of valves which may be 
operated in parallel. It is not usual to parallel more than four 
valves. Fig. 5-24 shows the circuit diagram of a 20 KW 500 KC/S 
oscillator intended for induction heating. This employs two CAT6 
valves in parallel; the third valve shown is a spare. 

Valves in push-pull 

An alternative method of increasing the output power by using 
two valves is to operate them in push-pull (see Fig. 5-25). The 
valves are in parallel across the D.C. input, but their drive-voltages 
are in phase-opposition, each valve in turn drawing its pulse- 
current. The pulses flow alternately in the two halves of the centre- 
tapped tank-coil. 

Features of push-pull operation are: 

(1) The effective plate resistance is twice that of a single valve. 

(2) The power output is twice that of a single valve operating 
under the same conditions as either of the push-pull pair. 

(3) The fundamental component of plate-current is that of a 
single valve; the corresponding tank-voltage is twice that for 
a single valve. 

(4) The correct load impedance (plate to plate) is twice that 
for a single valve. 

(5) The total drive voltage (grid to grid) is twice that for a 
single valve; drive power is also doubled. 

The advantages of push-pull operation are: 

(1) Increased power and frequency stability. 

(2) All oscillatory voltages and currents, with the exception 
of even harmonics, are symmetrical with respect to “earth” and 
to the D.C. supply. There are no A.C. components in the D.C. 
supply, other than even harmonics. With exactly similar valves, 
there are no even-harmonic components in the tank-circuit. 
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(3) Valve inter-electrode capacities (grid to cathode, and plate 
to cathode) are eflTectively halved, since they are in series. This 
is a useful property when working at very high frequencies, 
since valve capacities set a limit to the frequency at which 
satisfactory operation is obtained. 

The impossibility of obtaining exactly similar characteristics 
for two valves, and the difficulty of determining the exact electrical 
centre of the tank-coil both make it desirable to include a H.F. 
choke in the plate-supply lead. This choke allows the H.F. 



potential of the feed-point to vary somewhat, according to the 
degree of asynunetry of the valves and circuit. Inductive coupling 
to the load is convenient, as indicated in Fig. 5-25. 

A comparison of single-valve, two-valve parallel, and two- 
valve push-pull oscillators is made in Fig. S*26, the valves being 
represented merely as sources of A.C. power. The generated 
voltage V is the RMS value of the alternating component of 
plate-voltage, and 7/ the RMS fundamental component of plate- 
current. 

The impedances Z), etc., represent the plate-circuit “load" 
impedance into which each arrangement works. 
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There are advantages in .using valves in parallel in oscillators 
for induction-heating; in particular, heavy-current low-voltage 
work-circuits are possible with parallel operaition. On the other 
hand, there is a bias towards push-pull operation in dielectric¬ 
heating equipment, which normally employs much higher 
frequencies. 



V ! 

Zi ohms 
Power « VI^ watts 


1^ ' 

' h/ 2if 


1 

lY 

^2 


Power * 2 VIf watts 


(b) 2 Valves in Parallel 


2V 

Zj ® *2Zj ohms 
Powers2Vfy watts 


(c) 2 Valves in Push-puH 

Fig. 5*26. Comparison of Single Valve, Two Valves in Parallel, and 

Two Valves in Push-pull. 

The rating of valve-type H.F. power generators 
In general, the conversion of mains-frequency power to high- 
frequency power by means of a valve oscillator involves four stages: 

(1) Transforming to high-voltage A.C. power from the normal 
mains voltage. 

(2) Rectifying and smoothing to give high-voltage D.C. 
power (see Chapter 8). 

(3) Converting to high-frequency A.C. power. 

(4) Supplying high-frequency power to the article to be heated. 
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These four stages are illustrated in Fig. 5*27 for the case of H.F. 
induction-heating. There are four corresponding ways in which 
the generator can be rated: 

(1) On the mains input KVA. 

(2) On the D.C. input power to the oscillator valve or valves. 

(3) On the total H.F. power output from the valves. 

(4) On the H.F. power supplied to the work-circuit connected 
to the output terminals of the generator. 

The rating by the first method will be larger, for a given H.F. 
power in the work, the lower the transformer efficiency and power 
factor, and rectifier efficiency. The second method of rating is a 
reasonable guide to the probable useful output power only if the 
plate-conversion efficiency and tank-circuit efficiency are known. 
Similarly, method (3) is vague unless the efficiency of the tank is 



Fig. 5*27. Power Oscillator Rating. 


known. Tank-circuits for induction-heating will, in general, have 
rather greater losses than their counterparts in radio work, since 
a relatively high Q value is maintained for the sake of flexibility 
in handling a wide range of work. That is, the tank-current is 
made very large, and this necessarily involves a greater power-loss 
in the tank. The ability to cope with widely differing types of 
load makes this extra power-loss worth while, in the case of general- 
purpose plants; where the generator is intended for use on one 
particular job, a lower Q value and higher efficiency can be realised. 

Method (4) is clearly the rating which is of first importance to 
the process engineer, while the mains engineer will require to know 
the input KVA and the power factor of the plant. 

Hence, in order to compare different types of H.F. equipment, 
since the capital and running costs depend upon the useful H.F. 
power output to the work-circuit and the mains input KVA 
and power factor, both of these ratings should be specified 
precisely. 
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Complete valve-generator equipments for indnction^eatii^ 

Figs. 5*28 and 5*29 show general exterior and interior views of 
a small H.F. heating unit by Radio Transmission Equipment Ltd. 
A Colpitts oscillator is used, with a tank-circuit like that illustrated 
in Fig. 5-22 (b). The mechanical arrangement for altering the 
coupling between the plate-coil and the tank-coil, by raising or 



[Courtesy of R.T.E. Ltd. 

Fig. 5*28. Induction-heating Unit, 800 KC/S 5 KW output, 
Exterior View. 


lowering the former over the latter, can be seen. The tank-coil 
is split into two halves, and the inner ends brought out to the front 
panel for connection to the work-coil. The output power to the 
load is 4 to 5 KW, obtained from a single, silica valve of the type 
illustrated in Fig. 4-4. This valve, the Mullard TX 10-4000, has 
tungsten seals, obviating forced air-cooling; it has a maximum 
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pennissible plate dissipation of 4 KW, and is radiation-cooled. 
The tank- and inductor-current is of the order of 80 amperes, and 
the latter coil is water-cooled. The frequency is about 800 KC/S, 
the precise value depending somewhat on the type of inductor used, 
and the characteristics of the work being heated. 

The H.T. D.C. power to the oscillator is supplied from a three- 



[Courtesy of R.T.E. Ltd. 

Fig. 5*29. Induction-heating Unit, 800 KC/S 5 KW output, 
Interior View. 


pha8^ full-wave rectifier employing hot cathode mercury vapour 
valves. Taps are provided on the H.T. transformer so that half, 
three-(|uarters, or full voltage may be used. A number of safety 
devices'Tor protection, both of the plant and operating personnel, 
are incVporated (see Chapter 8). The front-panel meters, left 
to right, indicate: 
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Filament volts; plate-current; grid-current; H.F. (tank) 
current. 

In addition, an hour-meter is fitted inside the cubicle, to record 
valve service hours. 

The selector switch on the meter panel is for adjustment of grid- 
drive, using the method indicated in Fig. 5-22 (b). The push- 



Fig. 5*30. Induction-heating Unit, 400 KC/S 20 KW output. 
View showing Valves and Tank-circuit. 


buttons on the central panel control valve filaments (ON and OFF), 
and, similarly, plate-voltage. The lower panel carries hand- 
wheels for the adjustment of oscillator-valve filament voltage, 
and the variable coupling to the tank; the latter adjustment provides 
a control of load power. 

Power consumption at full load is approximately 12 KVA at 
400 volts, 50 cycles/sec (3-phase), at a power factor of 0*9. A 
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water supply of 30 gallons per hour at a pressure of 20 to 40 
Ibs/square inch, and a maximum incoming temperature of 
80® F. is required for the inductor. 

The overall dimensions are approximately: 

Length 4' O'; Width 3' 6'; Height 5' 6'; 
and the weight, complete, is 13 cwts. 

Fig. 5-30 shows a view of the valves and oscillatory circuit of 
a 20 KW fixed frequency unit. Two water-cooled valves, of the 
CAT 6 type, are used in parallel. The relatively long hoses 



[Courtesy of R.T.E. Ltd. 

Fig. 5-31. Variable-frequency Induction-heating Unit, 175 to 500 
KC/S 20 KW output. Exterior View. 

required because of the high plate-voltage (10 KV D.C. input), 
are coiled up on a drum. The third water jacket normally holds 
a spare valve. The split tank-coil is made from 1 ’ diameter copper 
tubing; the water feeds can be seen. The mica tank-condenser 
units are mounted above the tank-coil, and are fan-cooled. The 
leads from the tapped condenser to the grid-drive selector switch 
arc visible in the top left corner of the photograph. 

Figs. S'31 and 5*32 show exterior and interior views of a variable 
frequency 20 KW unit manufactured by R.T.E. Ltd. The nominal 
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frequencies are 175, 220, 320, 400, and 500 KC/S, any one being 
selected by means of the levers shown on the right-hand side- 
panel (Fig. 5-SI). These levers operate switches connected to 
tappings on each half of the condenser-bank and split tank-coil 
(Fig. 5-32). The tank-coil current is about 200-250 amperes, and 
both it and the inductor are water-cooled, this requiring 30 to 
60 gallons per hour at not less than 40 lbs p)er square inch. The 
two active water-cooled valves require a total of 300 gallons per 



[Courtesy of R.T.E. Ltd. 

Fig. 5 32. Variable-frequency Induction-heating Unit, 20 KW output, 

Interior View. 


hour at not less than 20 lbs per square inch. The power con¬ 
sumption at full-load (20 KW in the load) is about 45 KVA at a 
power factor of -9. The overall dimensions are approximately: 

Length 9' O'; Width 5' O'; Height 6'O'; 
and the weight, complete, is 26 cwts. 

In these sets the work-coil, or the primary of a work-head 
transformer, is connected to the output terminals by means of 
screwed unions such as the “Enots” union or the Lockheed 
“Conelock”. These unions make both electrical and water 
connections. 

11 
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The number of coil-tums and the coupling to the work are 
chosen so as to load the generator fblly, as indicated by the plate- 
current meter; for example, the maximum permissible plate- 
current (/uc) is about *90 ampere for the 5 KW unit, and about 
3*8 amperes for the 20 KW unit. Increasing the number of work- 
coil turns (or primary-coil turns, if a concentrator or other type of 
transformer is used) usually increases the loading. 

Overloading results in excessive plate-current, too little (or 
even reversed) grid-current, and low or zero tank-current. The 
fault is automatically interrupted by the operation of the plate- 
current “instantaneous overload” relay which trips the contactor 
in the H.T. transformer mains-supply circuit. The relay has then 
to be re-set manually. 

Such induction-heating oscillators are designed for general 
purpose work, i.e. it should be possible to develop the rated output 
KW in a wide range of work-circuit impedances, from the low 
impedance of a typical surface-hardening transformer with a small 
work-loop (see, e.g.. Fig. 9-33 and text), to the high impedance of 
a small melting furnace with its inherently loose coupling and low 
power-factor. The maximum output KVA at which the rated 
output KW can be developed is thus a measure of the flexibility 
of an oscillator. 




CHAPTER 6 


Induction Heating 


Probably the most important industrial application of H.F. 
power at the present time is that of heating metallic objects by 
eddy currents, induced in them by high-frequency magnetic fields. 
This method of heating can be applied to melting-furnaces, heat- 
treatment (hardening and annealing), sintering, brazing, welding, 
hot-machining, forging, and surface cementation and alloying. 

For melting purposes, the advantages of the method over non¬ 
electric methods are: 

(1) The heat is generated within the charge itself, which is 
therefore the hottest part of the furnace. The thermal efficiency 
is high, and very rapid melting is possible. 

(2) Melting can be carried out in vacuo or in a reducing 
atmosphere, if required.* 

(3) The charge can be kept clean and free from impurities, and 
the inherent stirring action gives uniformity of composition. 

For other purposes, such as localised heat-treatment, advantages 
of induction-heating include: 

(4) Accurate control of the temperature and the location of 
the heating is possible. 

(5) “Surface” hardening to any required depth, with immunity 
from damage to the steel due to overheating. 

(6) Very short heat-treatment times, usually of the order of a 
few seconds for hardening, and a few minutes for billet-heating. 

(7) Cleanliness in operation. 

(8) Low power costs. 

The principle of induction heating is illustrated in Fig. 6-1, 
which represents the heating-coil (work-coil, or inductor) Lj, 
magnetically coupled to a “load”, which will behave electrically 
as an inductance Lz and resistance Rz forming a conducting path. 
The inductor also possesses resistance Ri. 

* See footnote to p. 221. 
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The useful power developed in the load, on which the heating 
depends, is watts, and since this power is obtained from the 
source energising the inductor, it can be expressed as 

P=Ii'^Rc watts.6'1 

where /j is the inductor current in amperes, and /?<• is the “coupled- 
resistance” effectively in series with Li and jRi. 

It was shown in Chapter 1 that: 

The power wasted in heating the inductor, due to its own 
resistance /?i, is Ii^R\ watts and, for this to be relatively small, the 
coupled resistance should be as large as possible. 

If we assume for the moment that R\, Rz, £|, Lz, and M arc 




(a.) 

Fig. 61. 


(b)£qu/ya/ent Circuit 
for (a) 

Basic Circuit for Induction Heating. 


independent of frequency, then the coupled resistance tends 
towards a maximum value, as the frequency is increased; thus: 


'coupled ■ 


(liluz^ Rz 


M2Rz 

Lz^ 


i.c. in the limit when wLz’^Rz, we have: 


Rc.Lz^ 

M2Rz 


> 10 . 


R 

Fig. 6-2 shows how the ratio rises towards this limiting 

M^Kz 

value as b) is increased. It is seen that /^coupled has a value of 

(0’9 X limiting value) when ^^=3, and that further increase in 

«2 

frequency does not greatly increase this value.(29) 

Actually, of course, Rz and Lz do alter with change of frequency, 
but the classical theory developed by Burch and Davis leads to a 
corresponding result, as will be seen. 
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Cylindrical charge 

Fig. 6-3 represents a solid cylinder of metal, immersed in an 
alternating magnetic field parallel to its polar axis and of uniform 
density B lines/cm*. 

In any cylindrical shell of thickness /, and radius r, an E.M.F. is 
induced, given by: 

e=7Tr2 x^x I 0~8 volts. 
at 

^=time rate of change of B. 



Fig. 6-2. Relation between Rc and frequency, for Fig. 6-1 (b). 


For an axial length of I cm, the resistance of such a shell is; 

rJpJ^ ohms. 
a t 

At very hw frequencies the current in the shell would be limited 
only by this resistance, so that 

rt^. 10 * 

I =4=-=-amperes. 

The current flowing in such “shells” of '.he solid cylinder is 
thus proportional to the radius of the shell; because the frequency 
is low, the current will in any case be relatively small, since e is 
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small. It is not possible to use very high flux-densities because of 
the resulting large mechanical forces on the inductor. At the 
very low frequencies for which the foregoing holds, the power 
developed in the cylinder is proportional to the square of the 
frequency, since furthermore, the power-loss in the inductor 

producing the magnetic field would be constant, since its current 
and resistance would be constant, so that the power transference 
efficiency would be proportional to the square of the frequency, 
at the very low frequencies considered. 

As the frequency of the magnetic field is increased, the reactances 
of the current paths in the cylinder modify the flux and current 
distributions, and at very high frequencies the current is practically 

localised in a thin surface skin on the 
cylinder. Fig. 6-4 (a) shows typical 
current distributions at various fre- 
quencies.<2’) 

High-frequency magnetic flux and 
current distributions in a cylin- 
Induced ‘Weal charge < 22 . 67.68) 
current Consider the solid cylinder as being 
made up from a large number of thin 
concentric tubes. The E.M.F. induced 
in any tube is proportional to the 
alternating flux passing through it; 

Fig. 6’3. Solid Cylinder. the resultant current round the tube 

lags somewhat behind this E.M.F. 
because of the inductance of the current path. The effect of 
this current is, therefore, to attenuate the flux inside the cylinder 
and also to retard its phase relative to the flux outside the 
cylinder. 

Consequently the flux density suffers a progressive decay and lag 
from surface to centre of the charge. At sufficiently high fre¬ 
quencies it is attenuated to a negligible value at a depth which is 
small compared to the charge radius; Fig. 6*4 (c) illustrates this 
condition. The summation of the flux vectors 0i, 02> etc., gives 
a logarithmic spiral, and the resultant flux lags 45° behind the 
surface flux <bo, and therefore also 45° behind the coil-current 
producing the flux.(68) 

Steinmetz<22) showed that the total flux in the charge is 
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(a) Cunent Distribution in Solid Cylinder at Various Frequencies. 
0>) High-frequency Current and Flux-densities in Solid Cylinder. 

(c) Vector Diagram for Flux Distribution at High Frequencies. 

(d) Vector Diagram for Loaded Coil. 
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equivalent to a flux of uniform density, equal to the surface density, 
penetrating to a depth given by: 

. 

^cms.6-3 

pf 

where /o=resistivity of charge in E.M.U. 

= 10’X (resistivity in ohm-cms) 

U) = 2lTf 

/i=efFective permeability of charge. 

The charge current density is similarly attenuated and retarded; 
from the point of view of the heating effect, the current distribution 
is conveniently represented by the exponential decay curve in 
Fig. 6-4 (b), and its equivalent penetration depth taken as the depth 

at which the current-density has fallen to ^ of the surface value; i.e. 



Current penetration depthcms 64 


■^cms .... 6-5 

Pf 

Approximately 90% of the total heat is generated in this layer of 
depth p cms. We shall see that for efficient through-heating, p 
should be less than one-half the charge radius, while for surface- 
hardening the frequency must be high enough to make p equal to, 
or less than, the hardened layer depth required. 

A vector diagram for the high frequency conditions is given in 
Fig. 64 (d). This shows the resultant flux 0r in the charge lagging 
45° behind the coil-current I. The resultant induced E.M.F. in 
the charge is E, lagging 90° behind 0r. Ex and Er are the reactive 
and resistive components of E (relative to the coil-current I), 
and it is seen that the power factor of the charge is cos 45°, i.e. 
0-707 lagging. This is also the theoretical maximum power factor 
of the loaded coil with perfect coupling; practicable arrangements 
yield load power factors between -02 and -4. 

The voltage applied to the coil terminals (F in Fig. 6-4 (d)), 
is the vector sum of the components OA, AB, and BC, where 

04=Reactive voltage due to flux in the air-gap between coil 
and charge. 

4^=Resistive voltage due to the resistance of the coil-winding. 

RC=Resultant charge voltage E referred to the coil. 
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The power factor of the loaded coil is cos 

According to Babat and Losinsky.w-*) equation 6-5 gives: 


P= 

for carbon steel at 20° C and 


Vf 


mm 


6-6 


/?=— 7 =mm.6-7 

V/ 

for carbon steel at 800° C, i.e. above the Curie point. 

On sharp convex surfaces, current penetrates rather more deeply; 
on concave surfaces rather less. Equation 6-6 suggests the effective 
value of /x is about 100; actually /xeff depends upon the magnetic 
field strength and hence upon the power concentration, and this, in 
turn, depends upon the kind of application concerned.* 

The power dissipated as a result of the induction of the current 
in the surface skin is given by: 

10-7.6-8 


= 10“^ watts/cm2 of surface area . . 6-9 

H, being the magnetic field-strength along the surface of the cylinder 
wall, i.e. the tangential component of the field. As before, p is in 
E.M. units. See equations 6-14 and 6’16 for the derivation of 6-8. 

The heat is developed in this surface skin, the interior of the 
metal receiving heat from the skin by thermal conduction. In the 
induction melting-furnace, this conduction is obviously an essential 
part of the process. In surface-hardening it is necessary to heat 
the skin to the required temperature so quickly that a minimum 
of heat is transferred to the interior of the work; this necessitates 
the use of high-power H.F. generators, usually of inductor- 
alternator or valve type. 

We see, therefore, that for a cylindrical charge, the current-path 
at high frequencies becomes a thin surface shell; the interior of 
the cylinder then has no effect upon the electrical behaviour of 
the system. The effective resistance and reactance of the charge 
are therefore those for the surface shell only. The magnetic field 
linked with the shell will be less than that which would be associated 
with the solid cylinder in an unchanging field (i.e. zero frequency), 
so that the charge inductance decreases somewhat with increasing 
frequency, though the reactance continues to increase. The charge- 
resistance obviously increases as the shell thickness decreases, i.e. 


♦.See p. 189. 
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as frequent increases, and can be calculated from the current-path 
length and the skin thickness. 

Coupled resistance and reactance 
Burch and Davis have develop>ed the mathematical theory^^J) for 
various kinds of load or charge, and shown that the coupled 
resistance, in the case of a long coil and a long cylindrical charge, is: 

Rcoupicd^2nV2^roVZ^IxnV.Fi[^) x 10-’ ohms 6-10 



[Courtesy of Messrs, Ernest Benn Ltd, 

Fig. 6*5. Coupled Resistance and Reactance Functions for Long 
Coil and Charge. 


where /•„=outer radius of cylindrical charge, ems, 

p=resistivity of charge in E.M.U., 

= 10® X 0> in ohm-ems), 
n=tums/cm axial length of inductor, 
/=axial length of charge in ems. 


Fi^^j=a function of represented by curve 1 in Fig. 6*5. 

j8, a>, and ^ are as for equation 6-2. 

TTie corresponding coupled reactance for a non-magnetic charge is; 
Arc=[-47T2ro2w«2/.10-9]xF2 ohms . 611 
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i.e. it reduces the effective inductive-reactance of the inductor or 
work-coil (see also equation 1-85). 

It is seen from Fig. 6-5 that the coupled resistance rises rapidly 

with increasing values of up to § =?= 3; beyond this point the 

” ” oiLj 

increase is not great. This is analogous to ^^=3 in Fig. 6-2. 

jK2 

For values of §>3, the coupled resistance may be taken as 
P 

being approximately equal to the limiting value, i.e. 

Rc=2nV2iT roViopfi.n^lx 10-9 ohms \ ^ ^2 

= 47 rVo\//^n 2 /. 10-9 ohms j 

These values are for a long coil and charge. In melting practice 
it is usual for the coll length to be made approximately equal to 
its diameter, while some heat-treatment coils are very short indeed, 
consisting of one or two turns of large diameter. Correction 
factors have then to be applied to equations 6 - 10 , 6 * 11 , 6 * 12 . 
The corrections for Rc are dealt with on page 187; the correction 
for Xc is to multiply equation 6-11 by the value of K (Fig. 1"5), 
corresponding to the ratio of charge diameter to length (within the 
coil). 


The power developed in the charge 
For the cylinder of Fig. 6-3, at very low frequencies, the power 
develoijed in a thin shell is: 

dP=i^R watts 


i.e. putting t=dr, 


4p2 


10-16 


{dB\2 

2 p 


10-16 


watts. 


Integrating with respect to r between the limits rs=0 and r=ro» 
we have for the total power developed in the cylinder, per cm 
length: 

10-^6 

P= -^— 5 ^-watts. 

8p 

If the magnetic held is produced by a long coil of n turns/cm. 
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carrying a uniform current I amperes RMS, then 

. dB r, Amuiunl , 
and -^:=u)B= —yg—. whence 


p _ 27tW/x2/|2W.10-'8 

6U->0 O 


watts/cm. length . 6-13 


Thus at very low frequencies the power developed in the charge 
is proportional to and dividing the charge up into a number of 
thin rods would reduce the heating. This is, of course, the reason 
for laminating the cores of transformers, etc. If the cylinder were 

replaced by x thinner rods, each of radius the total power 

vx 


developed in the rods would be proportional to ^^.x, 

1 


i.e. to 


the heating would be reduced to - of that for the original 


r * 

X 

cylinder of radius r^. The reduction in eddy-current loss in sheet 
laminations as their thickness is reduced is even more marked, 
the loss being proportional to the square of the thickness.* 

We consider next a simple approximate treatment for the power 
developed in a long cylindrical charge within a long coil, the supply 
frequency being so high that the current penetration depth p 
into the charge is 1/10th the radius of the charge, or less. 

The held-strength at the centre of the long coil, unloaded, is: 
AnIxTx 


H- 


10 / 


(/=coil length, cms); 


and is independent of the coil radius. 

When loaded with the charge, the field-strength at the centre is 
zero, since the magnetic field penetrates only the outer skin of the 
charge. Thus the charge ampere-turns neutralise the coil ampere- 
turns, and for a charge of about the same length as the coil we have; 

h=IxTx. 

/] and h being coil and charge currents respectively. 

The power developed in the charge is: 

P=:I-P-Ri watts 

where Ri —x o 

ip 


'~2n\/ a/' 


Pf’ 

* i.e. in a given total cross-sectional area, 

(a) for n rods, rod radius cx: and total loss oc 

Vn ^ 

(b) for n sheets, sheet thickness oc and total loss oc K, 

n tv 
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&nd /2 =/iTi5 Ti—nl. 

So that P=Ii^[4n^n‘^lroVp(Jif.iO~^] watts . . . 6'14 

=iI{^Rc watts. 

This value for Rc is the same as that in equation 6-12 for values 
of ^>3. 

Dividing equation 6-14 by the cylindrical surface area IttKoI and 
substituting H=-4TrnI, the power generated per unit surface area 
of the cylinder is _ 

. 10 watts/cm^, 

OTT 

as given in equation 6 - 8 . 

A generalised treatment giving the power developed in the 
cylindrical charge at' any frequency involves the use of Bessel 
functions.<25) McLachlan has shown that the average power 
developed per cubic centimetre is approximately 

JP= 47 r/i 2 / 2 /Aw.F 3 ^^jxl 0 -’watts/c.c. . . 615 

This expression is reasonably accurate for a long coil, or, alterna¬ 
tively, for a coil in which the internal clearance between it and the 
charge is small compared to the coil length. As before, n is 
the number of turns per centimetre length of the coil, and I is the 

ro 

P 

plotted in Fig. 6 - 6 , from which it is seen that, fora given frequency, 
there is an optimum size of charge corresponding to maximum 

power per unit volume. This optimum occurs at -5 = 2-5. Alterna- 

P 

tively, for a given size of charge there exists an optimum frequency, 

For other than very small pieces constituting the charge, the 
“optimum frequency” given by this expression is often too low 
from another point of view, e.g. the inductor current required for 
a given power might be excessive. In such cases, frequencies 
higher than the “optimum” are used. An optimum frequency in 
the sense of maximum power per unit volume with given inductor 
ampire-turns is of interest mainly in those cases where the charge 
is to be uniformly heated throughout, e.g. in melting, and in heating 
of billets for forging. 



RMS coil-current in amperes. The power function F 3 
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The power factor of a loaded work-coil or inductor is low, 
usually not greater than *3. Consequently the power factor 

is given sufficiently accurately from R being the total effective 

inductor resistance (mainly the coupled resistance i?c), and X the 
effective reactance, including the “negative reactance” coupled in 
due to the charge. Now R is proportional to Va» over the useful 

range of while X is proportional to w ; hence power factor is 
P 



^0 


Fig. 6-6. Power Function for Cylindrical Charge. (After McLachlan.yii^ 

proportional to ^=. For economy in condenser correction KVA 
Vo) 

it is therefore desirable to use as low a frequency as is consistent 

with an efficient § value, though condenser size and cost per 
P 

KVA both increase as frequency is reduced. For surface-hardening 
and similar applications, however, the thickness of the heated skin is 
the important factor, and this determines the frequency to be used.* 

Hollow cylindrical charge 

Provided that the wall-thickness exceeds the nominal penetration- 
depth p, equation 6-14 is applicable. The total power developed 

’There is an important distinction between alternator and valve-oscillator 
operation in respect of power-factor, for it is necessary to keep the oscillator Q 
fairly high—e.g. 20 or more, so that the power-factor of the inductive branch 
should be -05 or less. There is no such restriction with an alternator supply, and 
the loaded-coil power-factor is made as high as is practicable. 
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in the hollow cylinder will then be the same as that in a solid 
cylinder of the same radius and material, under similar conditions, 
so that average power per cubic cm is correspondingly greater. 

Burch and Davis have shown that an optimum frequency exists 
for through-heating a thin-walled cylinder(23): 

cycles/sec, 

p=charge resistivity in E.M.U., 

/?/=inside radius of cylinder, cms, 

7=wall-thickness of cylinder, cms. 

This expression holds only for the condition t<^p. 

Vaughan and WilliamsonC^fi) give the following expression for 
optimum frequency for heating a hollow cylinder with wall- 
thickness not greater than -ISxoutside diameter: 

/opt=-^^ cycles/sec, 


p=charge resistivity in E.M.U., 

</„=mean diameter of cylinder, cms, =(d—t), 
/=wall-thickness, cms. 


For thin-walled cylinders (and also for thick-walled and solid 
cylinders which are to be surface-heated only) it is convenient to 
use the conception of power developed per unit of surface area 
rather than power per unit volume. Such cases will, in general, 

correspond to values of for which ^3^^^ has approximately 

the value 

ro 

Substituting this value in equation 6*14 and multiplying by the 
TrCo'^l /. volume of charge \ u r 

surface area of af l g e )• P”*" 

developed per unit area: 


JP=2'7r«2/2Vp/i/. 10-® watts/cm2 . . 6-16 

approximately. This assumes small clearance between coil and 
charge, i.e. close coupling. Corrections for larger clearances can be 
applied by multiplying equations 6'14, 6-15 and 6-16 by the factor 

( tl\2 fj 

^ j , the appropriate value of ^ being read from the curves in 
Fig. 6-11. The result expressed in equation 6-16 is a particular 
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case of the power relation given in equation 6-8, making the 
substitution 


which is approximately correct for a long coil and close 
coupling to the cylindrical charge. For surface-hardening of 
steel parts, AP must be of the order of 500-5000 watts/cm^ (see 
Fig. 613). 


Flat strip or plate charges(®’> 

The corresponding volume and surface power equations for 
flat strip or plate (Fig. 6-7) are : 





Fig. 6-7. Power Function for Flat Strip. (After Baker.'p^) 


Average power developed per unit volume, 


id/’/c.c.=47r«2/2(o/t.F^j^j X 10-9 watts/c.c. 

where /=plate thickness in cms. The function 
in Fig. 6-7, and is seen to exhibit a maximum in the 
-=3-2 

r 

When ^>10. approximately. 


. 617 

is plotted 
region of 
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Power developed per unit of surface area: 

dP/cm2=^P/c.c.Xpj^^^^^ 


=dP/c.C. X 


Iwt 

2(w+t)l 


=JP/c.c. X 2 * when /<h’, 


so that dP/cm2=27T«2/2'v/pjti/x 10”’watts/cm2 . . 618 

when the penetration depth i.e. ^ ^ 10, and t<w. 

Plane surface heated from one side 
by single straight inductor 
(Fig. 6-8) 

An approximate expression for 
the total power developed at the 
surface, for the case of penetration- 
depth small compared to height of 
inductor above surface, is: 

P=j^.l^V^x 10-’ watts 

. . . 6-19 

/=active length of inductor. 

Most of this power is developed 
in the region immediately beneath 
the inductor (Fig. 6-8).* 

Work-coils or inductors^'”- 

The heating of many articles can best be carried out with a 
conventional type of coil of circular form; in particular, when 
that part of the article to be heated is itself cylindrical or near- 
cylindrical. Examples of such work are: shaft bearing-surfaces, 
circular cutters, gear-wheels, cams, screw-cutting dies, taps, 
reamers, tubes (internal or external surface treatment), and through- 
heating of round stock. 

Other cases arise in which the shape of the article is so irregular 
that it is impossible to use a true coil at all; the inductor then 
becomes simply a current-carrying element of any convenient shape, 
placed as closely as possible to those parts of the article which are 

• Sec also “Design Data for Induction Heating Coils”, G. H. Brown, Electronics, 
August 1944. 

12 
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to be heated. For a uniform hardened layer over such irregular 
surfaces a very high frequency is necessary. A typical example is 
the intricate internal surface of the trigger-mechanism housing of 
a rifle. Although the current penetration depth is greater at 
salient points on an irregular surface, such points actually heat 
more quickly than other parts of the surface, partly because of 
lower conduction heat-loss, and, in certain cases, closer proximity 
to the inductor. 

Water-cooling of the inductor is essential in practically every 
application; this may involve the use of very small bore copper¬ 
tubing in the case of internal surface-treatment in confined spaces; 
more often it will be possible to use reasonably large tubing, e.g. 
or more outside diameter, when water-cooling presents less difficulty. 

Where cylindrical helix coils can be used, Babat and Losinskyt^-t) 
recommend an effective coil-length of 1/10 to 1/20 of the length 
of the conductor forming the coil, so that single-turn coils are 
preferable for hardening cylindrical parts over an axial length less 
than the diameter of the part. Multi-turn coils are better if the 
length of the heated part is 2 to 3 times the diameter. Fig. 6-9 
illustrates how the proportions of the work-coil and the article 
affect the distribution of the heating, and hence the location of the 
hardened layer. The diagrams show examples of both internal 
and external coils, which may be of single- or multi-turn types. It 
will be observed that the clearance between the coil and the work 
may have a pronounced effect upon the heat pattern. 

C. B. Kirkpatrick(4i) has shown that where it is required that the 
magnetic field-strength produced by a circular helical coil at a 
point along the axis but beyond the end of the coil is to be a 
maximum, the radius of the coil for this condition is: 

ropt=(ZoZi)*(Zo*+Zi*)icms . . . 6-20 

where Zo=» axial distance from the point to the near end of the 
coil, cms. 

Zi SB axial distance from the point to the far end of the 
coil =Zo+length of coil, cms. 

For field distributions within the coil, see Fig. 6T4. 

Similarly, for maximum field-strength at a point Z cms along 
the polar axis of a plane circular coil, 

r<,p,=i-v/2Z.6-21 

For heating large or small fiat surfaces, plane spiral coils are 
used, generally of not more than 4 turns. Kirkpatrick points out 
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that there is negligible difference in performance between equi¬ 
distant and equiangular spirals. The approximate length of tubing 
required for winding either is: 

5=7ri[)iV-f^cms. 6-22 

N being the munber of turns in the spiral, and D the overall 



Work inside Coii CoH inside Work, 

[Courtesy of LE.E. 

Fig. 6-9. Effect of Relative Proportions of Charge and Coil on 
Location of Heated Zones. 

diameter in cms. The field-strength along the polar axis falls 
relatively slowly, as compared with that of a helical coil, at short 
distances from the plane of the coil. Two such coils, spaced 
coaxially a distance of about twice the radius of the smallest turn, 
will produce a reasonably uniform field between them, when 
carrying equal co-phased currents. 
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H.F. work-^ead transformers 

It is often preferable to make the work-coil the secondary circuit 
of a transformer in order to obtain very high current concentration 
over a small region of the work-piece. High power concentration 
is especially necessary for surface hardening, and for hardened 

depths of the order of 1 mm or less a transformer is essential. The 

I continuous progressive hardening 

^ss=t===:; 5 ^ method, which is described later, in 

I conjunction with a “concentrator” 

ll i \ transformer provides a means of sur- 

( —I——J face-hardening large surface areas (of 

/y\Jj components having a regular section) 

^ —Pl(\ modest generator power 

^ I -11 ) I ratings. 

// I Laminated-steel-cored transformers 

\\ ! Jj are used to some extent, at motor- 

u i - \ alternator frequencies, but the develop- 

— _ _—jj ment of “air-cored” transformers, 

jV I 1/ / niainly for use with valve oscillators, 

I ' II y j has produced some remarkable and 

I ■!_ j very ingenious “concentrators”. 

principle is illustrated in Fig. 
j ^ I \ i 6 -lO.W) A primary coil (not shown) 

([ \ surrounds a copper cylinder which is 

'I / \v ll open-circuit single-turn 

( ] I j secondary. Internally across the centre 

U 11 cylinder (or at one end in many 

\ ^ * applications) is a disc, correspondingly 

y/ cut. When the primary coil is ener- 
gised the path of the skin current in 
the cylinder and disc is as indicated 

rent Concentrator” or “Focus ^he plan view of Fig^610. The 
Inductor” Transformer. current, which is distnbuted more 

or less uniformly over the whole outer 
surface of the cylinder, is thus concentrated in the bore of the disc. 
A cylindrical load, such as a shaft, passed through the bore, has all 
the available generator-power concentrated over a small section 
of its length equal to the axial length of the disc. To realise 
maximum loading of the generator it is, of course, necessary to 
match the load correctly to it, and this is done by proper choice of 
primary coil turns. 





Clearance between primary and cylinder should be as small as 

/ 1 ' 1 "\ 

_1 ?___I _ _ * * 1 _ _ 


electrical insulation permits (e.g. 


Clearance between 


the work and the disc is made as small as dimensional tolerances 
permit, and is commonly between 020" and -040". 

It is normal practice to water-cool the cylinder, for example, 
by means of a cavity-wall construction, and also the disc, which is 
made hollow for the purpose. For some hardening applications 
it is convenient to make the quench-spray integral with the disc. 



[Courlesy of Birlec Ltd. 

Fig. 611. “ Concentrator ” Type of Work-head Transformer for 
Single-shot Local Hardening. 

The “concentrator” is also used for many “single-shot” hardening 
jobs, where the stationary work-piece is heated and then either 
quenched in situ or drop-quenched. Fig. 6-11 shows a single-shot 
concentrator with its quench ring. This is one of several concen¬ 
trators used in a 5 KW unit described and illustrated in Chapter 9 
(Fig. 9-7). 

Where a high current-concentration is required round a long, 
narrow slot, as, for example, in the hardening of knife-edge bearings, 
a cylinder of the form shown in Fig. 6-12 is effective. 
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Focus-inductors for brazing small parts are shown in Figs. 6*30 (a) 
and (b). Here an external secondary cylinder, with specially shaped 
water-cooled work loop, is slipped over an insulating sleeve covering 
the primary coil. Each of these units is rated at 3 KW. The 
rather complex-shaped work loop in Fig. 6-30 (b) is used for brazing 
the Bourdon gauge part shown. 

Another application of the principle is seen in Fig. 6-31, and is 
used for a continuous soldering process employing a conveyor 
belt.<J*) This is described in a later section. 

Several types of focus-inductors are described and illustrated 
in U.S. Patent 1378187, filed by Dr. Edwin F. Northrup.(-‘3) 
This remarkable patent, which was granted in 1921 (the original 
application date was 1918) should be familiar to all engineers 
concerned with induction heating, the 
development of which owes so much to this 
great pioneer. 

Shielding 

It sometimes happens that the work-piece 
has one or two projecting parts which neces¬ 
sarily lie within the heating coil, and which 
must be protected against overheating. Such 
protection can be provided by placing a 
copper shield between the projection and the 
coil; alternatively it is sometimes possible to 
wind a reverse loop in one or more turns 
of the coil in the region of the projections to 
reduce the magnetic field-strength locally. A separate shield acts 
as a closed secondary circuit, in which the induced current locally 
weakens the field; a piece of copper tubing is often a convenient 
form for the shield, as it is easily water-cooled. 



Indnctor H.F. resistance and eflBciency 
The efficiency of the inductor is the ratio 

Power developed in charge 
Power input to inductor 


h^Rc 

-hKRi+Rc) 


(see Fig. 6’1) 


Rc 

Ri+Rc 


6-23 
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It is most important that the inductor efiSciency shall be as high 
as possible, for this influences the size of generator required. 
In addition, a highly-efiicient inductor results in lower running 
costs, in both electric energy and cooling-water. H.F. energy is 
necessarily somewhat expensive, and yet it is not imcommon for 
much of the energy to be wasted in an inefiicient inductor. 

The only really satisfactory method of determining inductor 
eflficiency is a calorimetric one, in which the total heat-energy 
developed in the work and the heat-energy given to the inductor 
cooling-water are measured. A simple treatment of the case for a 
long coil and long charge is given here, in order to indicate what 
factors influence the efficiency, and what order of efficiency it is 
reasonable to expect. 

The high-frequency resistance of a coil may be calculated with 
reasonable accuracy by regarding the coil as a ribbon of thickness p, 
the current penetration depth given in equation 6*5. Assuming a 
close-wound ribbon-coil of N turns, inner radius rcms. and length 
^ cms. the resistance is: 

Ri ohms. 

pw 

L=total length of “ribbon”, =:2iTrN, cms, 

pi = resistivity of coil material, E.M.U., 


/x=1 for copper (see also Fig. 6*32), 

wss “ribbon” width=diameter of tubing, or width of rectangular 
section. 


N~n' 


N=nl, 

/I=turns/cm axial length, 
li = axial length, 

i.e. Ri=4n^m^liVJjf.lO~^ ohms . . . 6*24 

This expression agrees fairly well with values obtained in practice, 
provided that the actual wall-thickness of the inductor material 
exceeds the penetration depth (say />1 -Sp). For high-conductivity 
copper at a mean temperature of 75° C, we can write: 

Ri = 2V/rn^liA0-^ ohms .... 6-25 

The cooling-water temperature is, of course, less than the copper 
temperature; the latter can be ascertained by means of waxes of 
known melting-points, or temperature-indicating points. 
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For a turns space-factor Fs, the value for Ri given in equation 6'25 
must be multiplied by Fs, where 

F 

Nw nw 


The coupled-resistance Rc due to the presence of the charge is, 
for the long coil and long charge, and for ^>3 (see equations 6-12 

and 6-14), _ 

/?c=47r2/j2/roVpjLt/-ohms. 

The inductor efficiency is therefore: 

rj^. 

ro\^pfi+r\^i 

A simpler expression, from which the inductor efficiency is 
easily obtained, is the ratio: 

Power-loss in coil rVp] 


6-26 


whence 


Power developed in charge' 
1 


IOC — 


roV pp 


r) = 


1+a 


6-27 

6-28 


Where charge and coil-lengths are unequal, but both may yet 
be considered “long” (e.g. length ^ 3 x diameter) the above ratio 
will be approximately: 


a 


r„ V PH /, 


6-29 


For short coils and charges, the field-strength at the centre of 
the coil is not independent of coil radius, and the value of a is not 
simply proportional to the first power of the ratio rjro. Thus in 
the extreme case of a single-turn inductor of negligible axial length, 
the field-strength is inversely proportional to the radius of the turn, 
and so 


and a—.6-30 

Vo) ^ pp. h 

It is seen that close coupling between work and inductor is 
essential, with short inductors, if a high efficiency is to be realised. 

The conductivity of copper is appreciably increased by annealing, 
and work-coils should preferably be annealed after winding. 
Annealing before winding is also necessary if the tubing used is 
initially in the hard-drawn state. High-conductivity copper is 
obviously desirable for all coils. Silver plating is an advantage at 
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high radio frequencies, and is sometimes used for relatively low- 
frequency coils as a protection against the corrosion to which copper 
is so susceptible. 


Approximate calculation of coil power factor, and the number 
of turns required—motor-generator equipments 

The power factor of a loaded coil is always low, commonly of 
the order of *05 to •!, and rarely greater than -3. Because of 
this certain approximations are permissible which simplify calcula¬ 
tions without introducing serious error. These are: 



n = Turns per cm length = N/L, 

Fig. 6-13. Diagram for Equations 6-35 and 6-38 (Cylindrical 
Coil and Charge). 


{a) In a parallel coil-condenser combination having unity 
overall power factor, the coil-current is, approximately: 

/coil = /supplyXp-p-^|r^j • • • • 6-31 

(b) The power factor of the loaded coil is, approximately: 

P.F.=^.6-32 

(c) The condenser-current is approximately equal to the coil- 
current, and both are then given from: 

y 

fcoil~fcondenser~ amp^rCS . . . 6’33 

Re and Xe are the effective resistance and reactance, respectively, 
of the loaded coil; V is the coil supply voltage. 
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(see equations 610 and 6-25). 

Xe^Xi+Xc (Xc is negative for a non-magnetic charge; 
see equation 6-11). 

Xi is the reactance of the unloaded coil, and is cd times the coil 
inductance; i.e. 

Xi=<oKinW2Ln2A0-^ ohms . . . 6-34 

(The symbols L, D are used here to denote coil length and inside 
diameter; /, d, and r denote charge length (within the coil), and 
outside diameter and radius of charge, see Fig. 6-13.) 

Consider first non-magnetic charges, including steel at a tem¬ 
perature above its Curie point: 

Substituting the appropriate expressions in equation 6-32, the 
power factor of the coil is seen to be: 

10-6-1-27tWp./.Fi(J') . lO-s] 

P.F.=1=---=- -■ . 6-35 

IttW/. 10-9\KiD2L-K2d2l.F2\^j 


=cos <}). Ki and K 2 are found from Fig. 1*5 (b). 

The coil efficiency, tj, is conveniently found as the ratio of the 
second term of the numerator of 6*35 to the whole numerator. 
The total power-input to the coil is: 


Power to be developed in wo rk 
V 


watts 


= F/coii cos <f> watts 


So that 



cos^, (from equation 6*33) 


X== 


V2 COS ({> 

p 


6*36 

6*37 


= X,-^X,. 


Substituting for Xi and Xc the values given by equations 6*34 
and 6*11, we obtain an expression for turns per centimetre length 
of coil: 




cos (f> X 10^ 


o) ^KiD2L-K2d2l.F2y^ 


6*38 


and total turns, 


N=nL, 
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Cofl>ciiiTent, and condenser KVA required for unity overall P.F. 


Acoil" 


Fcos <l> 


6-39 


Condenser KVA=K/x 10-3=-^x 10-3 . 6-40 

cos <f> 

for unity overall P.F. (P is in watts). 

The KVA rating of a given condenser is proportional to F^/. 
The relation between condenser capacitance and KVA rating is: 


2-rtfV 
KVA X 109 


X 10® microfarads 


microfarads. 


Corrections to Re and Xc 

(1) Correction for shortness of coil and radial clearance 
between coil and workers); 

££2 

Value of Re given in equation 6-10 to be multiplied by 

where average square of magnetic field-strength over 

surface of charge. 

iF/o=field-strength within a long coil. 

Graphs of the ratio are given in Fig. 6-14 for four ratios 

of coil diameter to length, and for various ratios of charge 
diameter to coil diameter. 

(2) Corrections for shortness of charge: 

(a) Value of Re given in equation 6-10 to be multiplied by -p- 

*2 

where A 2 =Nagaoka’s constant for the charge j ratio (see Fig. 

1'5 (b)). Burch and Davis^^J) have suggested a factor but 

Kl 

this, in the author’s experience, tends to give values of Rc which 
are too high. 

(b) Value of given in equation 6-11 to be multiplied by K^. 
This correction is included in equation 6-35. 

(3) Corrections for magnetic charge: 

(a) A figure for the effective n to he included under the root 
sign in the numerator of equation 6*35. 
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(b) An additional + ve term to be included in the expression 
for Xe, the eflFective loaded coil reactance, to take account of 
the flux in the permeable skin of the charge. 

We have seen that this flux is equivalent to a flux of the same 
density as the surface value, distributed uniformly throughout a 
skin of depth J3, and lagging by an angle of 45“ behind the work- 
coil current. The “reactance component” of this flux, i.e. the 



01 2345678 

FosiCion a/ong Coil 

Fig. 6-14. Magnetic Field-strength in Short Coils. 


the total flux in the skin of the charge, and if we replace jS with 
(equation 6-4) we have 

Reactive flux= ^^^^^^ . 


H=^nnl. 

Then the corresponding term to be added within the large 
brackets in the denominator of equations 6-35 and 6-38 is: 

The use of the factor Ki is an attempt to account for the fact 
that this “skin flux” will not link with all the coil turns. 
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The coil power-factor, with a magnetic charge, is often quite 
high, e.g. *3 to -5, so that the approximation of equation 6-32 is 
not valid, and the relation 

p p _I^e _ 

ZrVRe^+X,^ 

must be used instead. 

In nearly all applications of induction heating to magnetic 
materials, heating is carried beyond the Curie point, and it is usual 
in such cases to base coil calculations on the non-magnetic state, 
i.e. p=l. 

The following empirical power-relations are useful in such cases: 

(1) The initial loading (charge cold) is greater than the loading 
ultimately obtained beyond the Curie point, and rises rapidly 
to a peak of approximately twice this latter value. 

(2) The loading beyond the Curie point is approximately 60 % 
for surface hardening, or 80% for through-heating, of the 
average power throughout the heating cycle. 

The work-coil voltage is assumed to remain constant. 

The effective value of permeability /i can be estimated thus: 

Most steels saturate at a flux density around 20,000 lines/cm^, 
and for the saturated condition, 

. 20,000 14,000 

' 'Anninax, ■ Airnl' 

The work-coil ampere-turns/cm, i.e. nl, are almost always great 

4 

enough to saturate the steel during at least ^ of the magnetisation 

cycle. If the approximate ampere-turns/cm can be estimated, and 
the magnetisation curve of the steel is available, it will be possible 
to estimate the effective p fairly accurately; it usually lies between 
20 and 40 for through-heating applications, and may approach 
unity at the very high field intensities used for surface-hardening. 

Finally, it should be noted that for given coil and charge overall 
dimensions, and for a given frequency, the coil input power is 
yt 

proportional to so that, wherever practicable, a test should be 

carried out on an actual charge in conjunction with a roughly 
calculated coil. In this way an accurate determination of the 
correct number of coil-turns required can be made, and at the same 
time other essential design data can be collected. The coil voltage 
will be somewhat less than the rated generator (or output 
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transformer) voltage,* because of the (mainly inductive) volt-drop 
in the leads, cables, and bus-bars. This drop should not normally 
exceed 10% of the rated voltage of the supply (see Chapter 9). 

CooUi^ of work-coils and transformers 

The heat generated in work-coils, or in the windings of work- 
head transformers, is taken away by cooling water fed through the 
tubular copper conductors forming the coils. “Focus” or 
“concentrator” type transformer secondaries, usually cylindrical, 
should have a cavity wall construction for water-cooling, with the 
possible exception of those used for continuous progressive harden¬ 
ing, where quench water can be used for cooling the cylinder. 

Copper-loss power, and the rate of flow and temperature rise 
of cooling water are related thus: 

KW.6-41 

where P=power-loss in coil, 

(7=water flow gallons/minute, 

B=water temperature rise, ° C. 

The maximum permissible temperature rise is usually reckoned 
to be about 44° C for an inlet temperature of 20° C; temperatures in 
excess of this may result in furring in the bore of the copper tubing. 

In designing a coil it is necessary to check that sufficient water, 
at the available supply pressure, can be fed through it to carry away 
the coil-loss without excessive temperature rise. Two or more 
parallel water paths may be required; for example, water may be 
fed in at the centre of the coil, and taken out from each end. 

The water flow which may be expected through a circular bore 
tube is given from: _ 

G=12-4f/2,y/^ gallons/minute . . . 6-42 

since the flow is turbulent.(®5) 

</=inside diameter of tube, inches, 

F=pressure drop along L inches of pipe, Ib/sq. in, 
/=friction coefficient, approximately 'Oil for com¬ 
mercial copper tubing. 

Where special sections are used (e.g. rectangular, or flattened 
from circular) it is a good plan to check the water flow through a 
given length at a known pressure (say, 40 Ib/sq. in). The flow 

♦The phase-angle of the cable reactive volt-drop relative to the load voltage 
depends upon the load power-factor; a leading P.F. may cause the load voltage 
to exceed that of the generator. 
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through any length at any pressure can then be estimated, since it is 

proportional to \J If the coil diameter is small, winding will 

probably reduce the flow considerably (perhaps even to one-half) 
and a flow-test on a wound coil is recommended in such cases. 

The outlet water is sometimes taken to a cooler and recirculated 
instead of being run to waste. One advantage of this is the reduced 
risk of solid deposit within the coil tubing. 

Coil insulation 

There is no special problem in the electrical insulation of work- 
coils used with motor alternators, and such materials as hardwood, 
bakelite, Tufnol, mica, micanite, woven glass braid, tape, or sleeving, 
steatite, and alundum can be used according to the nature of the 
work. Normal precautions, such as total enclosure of live parts, 
must, of course, be taken. 

The insulation problem is much more difficult in the case of 
coils used in conjunction with valve oscillators. Voltages from 
1 KV to 6 or 8 KV at frequencies from 400 KC/S to 5 MC/S are 
normal. If bare coils are used, water from the atmosphere con¬ 
denses on them, and flashover may occur. Water and steam from 
the quench system are also present in most hardening applications. 

Complete embedding of the coil in wax, or even transformer oil, 
within a suitable non-metallic container, is possible in some cases. 
Alternatively, the coil may be wound from tubing which has a 
plastic covering extruded over it. Polythene is an excellent 
material for this purpose. Adequate water cooling is essential, 
to avoid damage to the insulation by heat. Insulating coatings 
which will withstand fairly high temperatures can be made with 
alundum cement, or a mix consisting of water-glass and magnesia, 
alumina or asbestos. Refractory coil-liners may be cast in a mix 
consisting of sillimanite or alumina powder and a silicon-ester 
(ethyl-silicate) binder. 

Supporting structures for coils 

The magnetic field outside the coil may be confined, either by 
means of packets of thin laminations of low-loss material such as 
nickel-iron or silicon-steel, or by using a closed cylindrical screen 
of copper* or aluminium. Where the field is thus confined the 
outer container or other structure may be of steel. Otherwise the 
amount of metal in the structure should be a minimum, and 
• See, e.g., British Patent No. 392764. 
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preferably non-magnetic; coil boxes are commonly made with non- 
metallic top, bottom, and side plates (e.g. of wood, asbestos, or 
bakelite) contained by a skeleton framework of metal, the frame¬ 
work being arranged so that it does not form any closed loops. 

T t 

Where the 5 or 3 ratio of such metallic members can be kept 
p P 

small, i.e. less than 1 , as in the framework of furnaces and heaters 
operating from motor-alternator sets, it is an advantage to use a 
high-resistance non-magnetic material such as austenitic stainless 

steel, nichrome, K-Monel, or No-Mag. But where ^ is not small, 

P 

as is almost inevitable at valve-oscillator frequencies, it is best to 
use a high-conductivity material such as copper, brass, or aluminium. 
These considerations also apply to any structural metal parts 
inside the coil, such as water-cooled skids and guides. 

Melting furnaces arranged for pouring as well as melting in 
vacuo must be contained within a strong metal vessel; stainless 
steel is commonly used and if the furnace power is large, or the 
overall dimensions must be kept to a minimum, this casing may 
have to be water-cooled.* 

In all cases, those metal parts of the structure which are accessible 
to an operator must be earthed. 

The induction melting furnace 3o. 36) 

The circuit arrangement is shown in Fig. 615 (a). H.F. alter¬ 
nators are generally used, although valve oscillators have been 
made for melting with power ratings up to 250 KW.(29) 

The furnace coil is made from circular, oval, or rectangular 
section copper tubing, and water-cooled. Special solid drawn 
sections are sometimes used, with a cooling tube brazed on the 
outside (Fig. 6-15 (b)). Other interesting constructions are described 
in British Patent Specifications Nos. 283302, 347986, and 405913. 

In large furnaces (e.g. 100 lb weight of charge and above) the 
coil is often tapped to provide control of power and of the electro¬ 
magnetic stirring action during the melt (Fig. 6.15 (c)). 

In small furnaces, and also for low melting-point alloys, a 
crucible is used to contain the charge. A rammed refractory 
lining, sintered in the furnace, is used in larger furnaces (e.g. above 
1(X) lb). High-conductivity metals and alloys (copper, gold, 
aluminium, brass) are melted in conducting (graphitic) crucibles. 


* See footnote to p. 221. 
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Any metal used in the supporting structure must be split up so 
as to avoid forming closed loops, or placed in positions where the 
magnetic field normal to the plane of the metal is weak. The field 
outside the inductor may be localised by means of packets of steel 
laminations, as in the Stobie furnace*; this construction makes it 
possible to use a closed metal container for the furnace structure.t^o) 
The furnace is mounted in trunnions for pouring, and is arranged 

Series Condenser 


/ (if used) 



(h) CO 

Fig. 6‘ 15. (a) Circuit for Melting Furnace, (b) Typical Coil-tubing Sections, 
(c) Coil-tappings for Power Control. 


to swing about an axis which passes through the lip, i.e. it is 
“lip-tilting” 

Furnaces have been built with capacities up to 10 tons, and power 
ratings up to 1200 KW. The heat content of 1 ton of molten 
steel is approximately 325 KW-hours, and an overall efficiency of 
about 55% is realisable with a 1-ton furnace. The furnace 
efficiency is about 66 %, the furnace losses in a particular case being: 
coil copper-loss, 13-5%; heat-loss through furnace lining, 6-8%; 

♦ British Patent No. 405041; see also British Patents Nos. 376660 and 383058. 
n 
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heat in lining, 5%; radiation and stray loss, 8-1 %. In the case 
quoted the lining was already hot from a previous melt. The time 
to melt the charge of 1 ton was 75 minutes, during which the input 
power rose from 340 KW to 580 KW, and the furnace power factor 
averaged ‘11. The cooling-water rate of flow was 16-8 gallons per 
minute, and the temperature rise increased steadily from 9° C 
to 22° C.( 28 ) 

The correction condensers used in conjunction with motor- 
alternator equipment are paper-dielectric, oil immersed, having a 
power factor of about -002. The power-loss in these is: 

jP,s= (Condenser KVA x power factor) KW. 

In the case quoted above the maximum condenser KVA was 
4970; the maximum power-loss would thus be approximately 
10 KW. 

Part of the installed capacitance is arranged for switching in as 
required to maintain the overall power factor as close to unity as 
possible. This operation can be arranged for automatic correction, 
using a reactive-K VA relay, or alternatively condensers are manually 
switched to maintain approximately zero reading on a KVAR 
meter. Switching at reduced voltage is usual. 

A 400-KW1000 cycles/sec G.E.C. alternator set, and the condenser 
banks used in conjunction with the melting furnaces supplied from 
the set, are illustrated in Figs. 3-5 and 3-6. 

Automatic control of alternator voltage, maintaining constant 
voltage under varying load conditions, is desirable. Where only one 
furnace is being supplied from an alternator, manual control of 
voltage can be used as a means of controlling furnace power. 

Outline of the electrical design of a 200-lb steel-melting furnace 

Power Considerations. The heat content of 200 lb of molten 
steel is approximately 30 KWH. Additional energy has to be 
supplied because of the coil-loss, the heat conducted through the 
lining from charge to coil cooling-water, heat given to the lining, 
and radiation and stray loss. The melting time will be assumed to 
be one hour. 

It is usual to make the furnace proportions such that the ratio 
of height to diameter of the total molten charge is about M to 
1*3; the dimensions chosen for this example are: 

Height of molten charge 11^' or 29*25 cms 
Diameter of molten charge 9^" or 23*2 cms. 
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The lining will be slightly tapered, the charge diameter being less 
than 9^* at the bottom and greater at the top. A lining thickness 
of 1|' (4-45 cms) will be assumed. The rate of heat loss through 
the lining, with the charge molten, will be: 

KW, 


where coefficient of conductivity, in KW/cm^ of lining 

surface, per cm of thickness, per ° C temperature 
difference across lining. 

= 1*2 X10-5 for an average quartzite lining, 
y4=wetted area of lining, cm^, 

/=temperature difference across lining, ° C, 

^/= thickness of lining, cms. 
fn the case considered, when the charge is molten, 

„ l-2xl0-5x7rx23-2x29-25xl500 

-445- 

= 8-65 KW. 


An average loss throughout the heat of about -8 of this value, 
i.e. about 7 KW, will be taken, since the normal procedure is to 
commence a new melt with the lining already hot. 

The weight of the heated lining is about 55 lb (density 100 Ib/cubic 
foot). The mean temperature of the lining will rise from about 
500° C to 800° C, and over this range its specific heat is -28. This 
heat to the lining corresponds to about 8-7 KW-hours. 

For a one-hour rating the power to the charge, the lining, and 
through the lining is therefore some 46 KW. If heat losses from 
the surface of the charge are minimised by using a slag and/or a lid, 
we can assume a stray loss of 4 KW, making a total of 50 KW; the 


power input to the furnace coil must then be —, being the coil 


efficiency, which should average -8 over the whole melt. A coil 
power input of 62-5 KW is therefore required to melt a charge of 
200 lb of steel in one hour. 

If this furnace is to be the sole load a 75 KW or 100 KW alternator 
(the nearest standard ratings) would be suitable. 

A frequency of 3000 cycles/sec would enable charge pieces as 
small as 1^' to be heated efficiently ; the coil design will be based 
upon this frequency and a power input of 60 KW to the molten 
charge. Higher power input can be obtained by using coil-tappings. 
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Coil Design. The values for the symbols in equation 6*35 are; 


</=23-2cms; /—29'25cms; 


Z)=32-l cms; L=42-0cms; 


7=793; 


D 


= •765; 


K2 = -1A2-, 

Kx^-75. 


Coil space factor, Fss= 1-2 (assumed). 

Molten charge resistivity, p=200,0(X) E.M.U. 
Penetration depth, p=l-4 cms, see Fig. 6-32. 

r^="-7. 

( Jf \2 I 

=-53; ^=1-82. 

Substitution in equation 6-35* gives 
Coil power factor (charge molten)= 


•00162+ 0055 


3400 x 22,000x10-9 
= 095 lagging. 


Coil efficiency = ^ 100=77-3%. 


Coil turns per cm length, «=-x \/tttt 

Tr ^ dU,1 


•095 X 109 


where 

and 


1,000 x 2nx 3000 X 22,000 

= 00062K, 

F=coil supply voltage 
total coil turns=nZ.=-026F. 


The most convenient standard generator voltages are 500 and 
800; the higher voltage makes possible rather finer adjustment of 
power by means of coil-tappings. Assuming an 800-volt supply, 
with 770 volts available at the coil terminals, the total coil turns 
required will be 770 x-026 = 20 turns. Tappings maybe brought 
out from each of the first two turns at each end, and the change¬ 
over switch (Fig. 6-15 (c)) connected to suitable points as determined 
from tests. The maximum coil voltage will thus be in the region 
20 

of jgX770=963 volts, and consequently condensers should be 


rated for 1000 volts working. 

Condensers. The condenser KVA required, based on 10(X) volts 
rating, will be approximately: 

60 ../1000\2 


•095 770 y 


= 1100 KVA; 


* Including correction factors. 
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and the corresponding maximum furnace power will be: 

60x(^)^=94KW. 

Tappings giving lower maximum power would, of course, be 
selected if the alternator rating were only 75 KW. 

Cooling-water. The coil cooling-water is required to carry away 
about 16 KW of losses, at 60 KW input, or about 25 KW at the 
maximum rating; for this to result in a water temperature rise 
of not more than 30° C, the water-flow through the coil must be 
not less than 

^^=2 62 gallons/minute. 

A coil tubing section of o/d, Y wall, Y bore can be accom¬ 
modated, and the flow required can be obtained with a pressure 
drop of approximately 13 Ib/sq. in., so that the coil need not be 
split into two sections for cooling. 

Surface-hardening ^2,33, 34, 63 ) 

Remarkable progress has been made in the application of high- 
frequency power to surface-hardening during the past ten years, 
particularly in the U.S.S.R. and the U.S.A. 

The surface of the metal is heated to the required temperature 
by induced eddy-currents to a depth 8, depending upon the nominal 
current-penetration depth p, the time for which power is supplied, 
and the thermal capacity of, and thermal conduction from, this 
hypothetical layer of depth p. Heating is in most cases accom¬ 
plished in a few seconds, and is followed by a quenching operation; 
a water-hardening plain carbon steel (-35 to -6% C) is normally 
used. A list of suitable steels is given in Chapter 9. 

There are three principal ways of applying this method of heat 
treatment: 

(1) The simultaneous treatment of the whole of the surface 
to be hardened, i.e. “single shot”. 

(2) The treatment of only one part of the surface at a time, 
e.g. “tooth-by-tooth” hardening of large cutters and gear-wheels. 

(3) Continuous progressive treatment of a relatively small 
portion of the work, which moves at a constant speed through the 
effective zone of the inductor. It is, of course, immaterial 
whether the work or the inductor is arranged to move. The 
heated portion then passes into the quenching zone. Examples 
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are the surface’bardeaing of steel nils AOd shifts, and internal 
or external surface-hardening of tubes. 

The non-uniform distribution of the induced eddy-currents was 
^own \n Yig. 6-4. At any distance x within the metal from the 
surface (x being measured along the normal to the surface), the 
current has initially the value 


Ix—loS amperes, approximately . 6-43 

lo being the current on the surface. 

The depth at which the current has fallen to \ of the surface 

value lo (i.e. - 368 / 0 ) is taken as the equivalent current-penetration 
depth p, and is _ 

.6-44 

Practically all the heat generated by the induced currents 
originates in this layer (average P in layer=(1—•3682)/„2 = - 86 /o 2 ). 
At temperatures above the magnetic change-point (recalescence 
or Curie point), fi = l, and an average value of p for steel is 
100,000 E.M.U. at about 800° C. Hence at this temperature, 



Before the change-point is reached, p. may have a high value*( 27 ) 
in the case of many steels, so that the corresponding value of p 
is very much less than this. The increase in penetration-depth 
at the Curie temperature acts as a kind of safety-valve which 
minimises the risk of overheating the surface of the steel. It is, 
of course, unavoidable that the surface temperature slightly exceeds 
the correct hardening temperature in order to realise the latter 
at the required depth, but it is an interesting fact that, in this 
process, it is possible to over-heat the steel by some 250° C without 
causing a deterioration of its structure.! This is due to the fact 
that the heating process is of very short duration, a few seconds in 
most cases, and there is not time for appreciable grain-growth. 
The same amount of overheat during a conventional heat-treatment 
process would ruin the steel. Furthermore, this permissible 
overheat, in the H.F. process, may lead to greater hardness values 
being realised with certain types of steel. 


* According to C. Dannatt, 'V is constant and independent of frequency up to 
at least 10* cycles/sec, and is definitely dependent upon fr^uency above 10* 
cycles/sec, and falls to a considerably lower value than the initial /i,”."’* 
t It is in fact necessary to exceed the “normal” hardening temperature in order 
to achieve the transformation to austenite in the very short heating-time; see 
footnote to p. 204. 
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The factors affecting the depth 8 of the hardened layer have been 
mentioned; it is possible to achieve a selected value of 8 in either 
of two ways: 

(1) By making p approximately equal to, or slightly greater 
than, 8, and to arrange that the heating is so rapid that thermal 
conduction from the heated layer is negligible. This necessitates 
a high-power source. 

(2) By making p very much less than 8, and allowing the heat 
to be conducted, from the layer in which it is generated, inwards 
to an effective depth 8. In this case the heating time is relatively 
long, and the power required correspondingly reduced. 

(1) and (2) represent extremes; intermediate heating-cycles are, 
of course, available. 

Losinsky recommends the following minimum frequencies for 
achieving a hardened depth 8 mm<32>: 

For smooth cylindrical shapes,/mincycles/sec . 6-45 

For complex shapes, i.e. where the layer is to be developed along 

an irregular contour,/mincycles/sec .... 6-46 

Higher frequencies can, of course, be used. The frequency does 
not appear to affect the metallurgical properties of the hardened 
layer. An objection to frequencies higher than strictly necessary 
is the inevitable increase in inductor-voltage. This should not 
exceed some 1000 to 1500 volts, because of the risk of break-down 
between the inductor and the work, especially when the latter is 
incandescent. It is important to note that the dielectric strength 
of air is considerably reduced at high frequencies, particularly if 
the “electrodes” have sharp points or edges.(®o> The air-gap 
between the inductor and the work should be between 2 and 3 mm 
if possible, smaller clearances involve risk of breakdown (though 
strips of mica or other dielectric may be introduced where con¬ 
venient), while larger clearances reduce the coupling unnecessarily. 
If a transformer is used, with a single-turn low-voltage heavy- 
current work loop, the clearance may be reduced to the minimum 
required by dimensional tolerances, e.g. 01" or -02". 

Selection of the induction-heating cycle 

Fig. 6T6 gives temperature-gradient diagrams<^ 2 ) for the two 
ways referred to for achieving a hardened depth 8. Case (i) is for 
the rapid-heating method in which conduction plays little part. 
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i.e. Case (ii) is for the “conduction-heating” cycle, 

in which 

V/ 

The area enclosed by the temperature-gradient curves and the 
axes is a measure of the total heat-energy used. The amount of 
heat required for raising the layer 8 to the hardening temperature T 
is proportional to the cross-hatched area. 

The ratio: 

Total heat developed in work 
Heat required in layer 8 ~ 




ature. 
rface of 
FT. 

iened 

layer. 

from 

urface. 


I 'OThe.rmal Capacity Cycle. (ii)Thermal Conduction Cycle- 

Fig. 6-16. Thermal Gradient for; (i) “Thermal Capacity (very rapid) 
Cycle” Surface-hardening; />=8. (ii) “Thermal Conduction (very high 
frequency) Cycle” Surface-hardening; p<^8. 

the “coefficient of superfluous heat”. When heating by the rapid 
cycle (Fig. 6-16 (i)), 

Kt=2 .6-47 

The corresponding value of ATj- for the slower (thermal conduction) 
cycle (Fig. 6-16 (ii)) is estimated by substituting the dotted line 
abi for the actual gradient. 

_Area of triangle ab\Ci 
Area of rectangle 7^ 

(jr-f-r)jr 


AT S 
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from the similar triangles abici and abc, 

AT T 

whence A'r= 1 ^ 

. 

since ^is very small. 

Thus for a hardening temperature 7=800° C, and an overheat 
AT of 200° C, Kt=^, i.e. the total heat-energy used is three times 
that required for the layer 8. The broad transition zone is one 
consequence of this, and gives a more uniform distribution of the 
internal stresses set up by heating and hardening. It is seen from 
Fig. 6*16 (ii) that the temperature drop from the surface to the 
interior is more uniform than is the case with the first cycle. 

Characteristics of the “thermal conduction” heating cycle, 
compared to the “thermal capacity” cycle are: 

(1) Lower specific power in watts per square centimetre of 
surface to be treated. This power must, however, be applied 
for a longer time, and the total amount of energy used is greater. 

(2) Broader zone of transition from the hardened surface layer 
to the unchanged core. 

(3) Easier and cheaper control of the lower generator power. 
For example, it is easier to control, accurately, 20 KW applied 
for 10 secs than to control, say, 120 KW for 1 sec. 

The adoption of the first heating cycle, i.e. “thermal capacity” 
cycle, may, however, be imperative, e.g. for obtaining a very thin 
hardened skin (8 less than 1 mm) without using an excessive 
frequency. Thus, from equation 6-23, the minimum frequency for 
obtaining this depth in an irregular contour is 500 KC/S; a 
frequency considerably higher than this (at least 1000 KC/S) is 
necessary in order to apply conduction-heating from a thin surface 
layer. If such frequencies are not available, the only alternative is 
to use a high specific power, for a relatively short time, at the lower 
frequency. 

Whichever heating cycle is adopted, or if some intermediate 
cycle is used, the energy required merely to heat the layer of depth 8 
to the appropriate temperature is always the same. For carbon 
steels this energy is about 4600 joules per cubic centimetre for an 
initial temperature of 20° C and a final temperature of 800° C. The 
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corresponding energy-input to a steel article for a hardened depth 
of 8 mm is, therefore, 4608 joules/cm^ of surface heated. The total 
energy-input to the article, per cm^, will be Kr times this value, i.e. 

/J£:=/rrx4608 
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Fig. 6-17. Relation between Hardened Layer-depth, Heating Time, and 
Specified Power Input to Work for various Frequencies. (After Losinsky.Y^^^ 

and for a heating time of t secs, the specific power-input to the 
article is: 

AP=:—i — -watts/cm2 .... 6-49 

Kt will normally lie between 2 and 4, according to the heating 
cycle, being low for the “capacity” cycle, and high for the 
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“conduction” cycle. The power-output from the H.F. generator 
must be somewhat greater, to allow for losses in the leads and 
inductor, and in heat radiation. 

For a specified value of S, the depth of the hardened layer, and 
a chosen frequency /, the heating time and the power required 
per cm2 of surface can be obtained from the graphs given in Fig. 6-17, 
which are reproduced from Losinsky’s article quoted under 
reference number <^ 2 ). jhe curves are based on a hardening tem¬ 
perature of 850 to 900° C, and embrace the entire range of possible 
heating cycles. 

Both horizontal and vertical scales are logarithmic, and the 
8-time curves are very nearly straight lines for frequencies of 
50,000 cycles/sec and higher. Hence, for such frequencies, the 
curves can be represented approximately by the equation 

secs (8 in mm). 

The appropriate values of K and n are approximately: 


/ 

K 

n 

/=/l8 '' secs 

>106 

10 

1 

/=82 

106 

•75 

2-125 

r=•7582-125 

105 

•4 

2-3 

/=-482-3 

5x10“ 

•15 

2-68 

/ =-1582-68 


In the same way the “specific power” in watts per square centi¬ 
metre of surface can be represented over the frequency range 
from 5 X 10“* to oo by equations of the form; 

AP=hb-"' watts/cm2 (8 in mm). 


/ 

h 

rn 

JF=A8-'" 

o 

A 

2300 

1-0 

2300 

8 

106 

2500 

1-04 

2500 

81 - 0 “ 

105 

3500 

1-10 

3500 

81-' 

5x10“ 

6200 

1-25 

6200 

81-25 


The power-time graphs show that for a specified hardened depth 
more power must be supplied, but for a shorter time the lower the 
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frequency used. For example, a hardened layer 2 mm deep 
requires 1250 watts/cm^ for 3-4 secs at 10* cycles/sec, or 
2500 watts/cm2 for 1-2 secs at 5 x 10^ cycles/sec. There is a small 
reduction in total energy dissipated in the work at the lower 
frequency. 

Alternatively, for a fixed power-input, a smaller surface must be 
treated at the lower frequency, but for a correspondingly shorter 
time, to obtain a specified hardened depth. The area treated per 
second depends mainly upon the generator power, and to a lesser 
degree upon the heating cycle. 

It seems reasonable to suppose that there will be a minimum 
permissible heating time for steel heat-treatment. Experience 
suggests that this is so, and that a heating time of at least *1 sec 
is necessary; the previous heat-treatment of the steel is an important 
factor (see Chapter 9).* 

The following example gives some indication of the values 
involved in a typical application, the surface-hardening of a small 
cam approximately circular in profile. 

Cam diameter, *75 in =1-9 cms 

Axial length, -40 in =1-0 cm 

Surface area of cam = 1 -9 x tt x I 0=6 cm^ 

Hardened layer depth = 1 mm ( 040 in) 

The cam was hardened in a concentrator-type inductor, supplied 
from a 20-KW valve oscillator, with approximately 15 KW power- 
input to the work. The specific power was therefore 2-5 KW/cm^, 
and the heating time was 1 0 sec. These values agree closely with 
those predicted from Losinsky’s curves (Fig. 6-17). 

The relation between work power, total surface area to be heated, 
and hardened depth, is summarised in Fig. 618. The four shaded 
zones correspond with hardened depths of 1, 3, 5, and 10 mm 
respectively. The upper limiting-line of each zone represents 
/=5xl0S and the lower line /=10* cycles/sec. The effect of 
frequency upon the power required becomes less as 8 increases. 

Continuous progressive surface-hardening^^^’ 

Where very large surface areas are to be treated, as, for example, 
steel plates, rails, shafts, and tubes, simultaneous heating of the 
whole surface is impossible, and the obvious alternative is 

* See also “Influence of Rate of Heating Steel on the Pearlite-Austenite Trans¬ 
formation, with special reference to Surface Hardening”.—Eilender and Mintrop, 
Stahl und Eisen, Vol. 68, p« 83 (Feb. 26th, 1948). 
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continuous progressive heat-treatment. Losinsky has described 
applications of this method developed at the Svetlana Works, Lenin¬ 
grad, and the following notes are based upon his work, except 
where otherwise stated. 

The set-up for surface-hardening a length of steel plate is shown 
in Fig. 6-19. The plate moves with a velocity v cms/sec in the 
direction shown, relative to the inductor. Beyond the inductor is 



Fig. 6-18. Layer-depth, Surface Area, Total Power, and Frequency 
Relations. {After Losinsky.)0^) 

the spraying-head for quenching the heated portion when this 
moves forward from the influence of the inductor. The depth 8 
of the heated layer at a given point gradually increases as the plate 
passes under the inductor. To obtain a uniform layer depth, the 
width of the inductor should be: 

g^(5tolO)xS .6-50 

To minimise the amount of “idle flux”, the clearance between the 
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inductor and the plate surface should be not greater than 2 to 5 mm, 
and may be as small as -5 mm. 

The velocity of travel of the plate, v, is given from 

cms/sec.6-51 

t being the time, in seconds, taken to achieve the hardening tem¬ 
perature throughout the required layer-depth; t can be determined 
from the curves in Fig. 6-17. A range of -2 to 10 0 cms/sec for v 
covers all requirements. 

The distance m between the inductor and sprayer will depend 
upon the kind of sprayer used, but should not be less than 2 to 
3 times the layer-depth, 8. It is sometimes possible to apply the 
quench-spray from the inductor itself (as is often done in the case 



Fig. 6-19. Progressive Surface-hardening Set-up for Flat Plate. 

(After Losinsky.)0^) 

of simultaneous total treatment of small objects), but in this case 
care must be taken that the spray cannot wet any part of the surface 
not as yet fully heated. This can be achieved by suitably focusing 
the spray, and by using shields.* The width of the sprayer, n, 
should be about 10 to 20 times 8, to cater for the fastest rate of 
travel of the work. The water pressure would normally be from 
20 to 60 Ib/sq. in. 

The orifices are drilled in that surface of the sprayer nearest to 
the work-surface, and consist of l-O- or 2'0-mm diameter holes, 
spaced at intervals of 4 to 5 mm and arranged in a series of inter¬ 
secting diagonal lines. The water is preferably fed to the sprayer 
from more than one pipe, further to assist in obtaining a uniform 
hardened layer. 

* An air-blast is sometimes useful for preventing water from flooding back into 
the heating zone. 
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. The rise in work-surface temperature as the surface moves under 
the inductor is shown in Fig. 6-20 for three values of v, v\<.v 2 <.vi, 
assuming the same specific power per cm2 in each case. 

The shaded zone represents the permissible degree of overheat, 
AT=T2-Ti. 

At the lowest velocity, vi, the final surface temperature exceeds 
the permitted value; for V 2 , conditions are satisfactory, while for 
the higher velocity, vi, the hardening temperature is not reached 
before the surface leaves the inductor. 


rv 



- *- Distance travelled by given 

part of work-piece 

Fig. 6-20. Thermal Gradient along Flat Plate, and Hardened Depth. 

{After Losmsky.)02) 

The temperature corresponds to the magnetic change point 
(Curie point); at this temperature the steel becomes non-magnetic, 
and the heating rate is then reduced, since the current-penetration 
depth is increased, and the current density thereby reduced. It has 
already been pointed out that this same effect reduces the risk of 
overheating the surface layer. 

The lower curve in Fig. 6-20 shows the development of the heated 
and subsequently hardened layer, corresponding to the correct 
work-velocity V 2 * 
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Similar curves would apply to the alternative condition of fixed 
velocity and variable specific power, curve 1 corresponding to 
maximum power, curve 3 to minimum power. 

Warping of the plate, due to thermal expansion of the heated 
side, may occur where the plate thickness is less than ten times the 
hardened layer thickness, when only one side of the plate is heat- 
treated. 

Prof. V. P. Vologdin has described apparatus developed in the 
V. I. Ulyanov (Lenin) Electrotechnical Institute in Leningrad, 
for the surface-hardening of steel rails by the continuous progressive 
system.(^3) depth of hardened layer required was 5 mm, for 
which a relatively low frequency (20(X) cycles/sec) obtainable from 



Fig. 6-21. Set-up for Surface-hardening of Rail. {After Vologdin.pi) 

an alternator was satisfactory. An efficiency of 80 % was claimed 
for these alternators as compared to 50-60 % for a valve generator; 
lower cost and simpler oiseration and maintenance were further 
factors in favour of the alternator. Fig, 6-21 shows the set-up 
for hardening the running-surface of a rail. A step-down trans¬ 
former was used, since the inductor, consisting of only 1 or 2 
turns, required a current of several thousand amperes at only 
20 to 30 volts. This transformer was located as near as possible 
to the inductor; in the plant described, the hardening-head 
(inductor and transformer) travelled over the fixed rail. The 
ends of steel rails were also hardened by this method, a batch of 
ten or a dozen rails being treated together, and the two ends hardened 
simultaneously by means of two identical heads. These heads 
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were mounted on carriers in lathe-beds, heating one rail-end at a 
time and then moving on to the next. 

The development of steel-cored inductors, applicable to the 
heating of flat surfaces, is referred to by Prof. Vologdin; some of 
these laminated cores have been water-cooled, as have the cores of 
H.F. power transformers developed by the L.E.T.I. Using 
frequencies of a few kilocycles per second, the localisation of the 
inductor flux in this way seems a logical step. Further, recent 
developments in the manufacture of “iron dust” cores may prove 
to be of use in eddy-current heating inductors operating at the 
higher frequencies necessary for obtaining thin hardened layers 



(of the order of 1 mm). The principle of the laminated-steel core 
is illustrated in Fig. 6 22* 

Cylindrical work 

For the continuous progressive hardening of the outer surface 
of a cylindrical article, e.g. a rod or a tube, the article is passed 
through a helical coil as indicated in Fig. 6-23. It is sometimes 
necessary to rotate the article at some 50 to 500 r.p.m. in order to 
avoid uneven heating due to possible eccentricity between inductor 
and work, and for uniformity in quenching.f The development of 
the hardened layer, and the relative power absorption at points along 
the length of the work, are shown in Fig. 6-23, for both stationary 
and moving work. As is also the case with flat plate, the power 
absorbed increases with temperature at first, due to the increased 
resistivity, but drops sharply at the Curie point. The hardened 
layer-depth will depend on work-velocity and specific power. 

• Sec also British Patents Nos. 446111,485966,487365. 

t Rotation speed should preferably be high enough for any point on the work- 
suiface to make at least 2 or 3 revolutions during its passage through the inductor. 

14 
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A peculiar effect has been observedW'J) in the hardening of hollow 
pieces. If a number of pieces of similar material and given outside 
diameter are surface-hardened under identical conditions, the 
hardened depth is much the same as for a solid piece, until the wall 
thickness is reduced to about three times this depth, when there is a 
sudden increase in hardened depth, and it is, in fact, difficult to 
avoid through-hardening. The effect is presumably due to the 
absence of thermal conduction inwards, but the quite rapid increase 
in hardened depth is remarkable. 

After passing through the inductor, the heated part is quenched 



Fig. 6-23. Development of Hardened Layer and Relative Power Absorption 
for: (a) Stationary Work, (b) Moving Work. {After Losinsky.'pt) 


by the sprayer (Fig. 6-24). Alternatively, if oil-quenching is to 
be used, the part moves down into a vat of oil. If necessary, the 
oil must be cooled by artificial means. Losinskyt^z) describes the 
set-up for hardening in this way the surface of 0-5 % carbon-steel 
tubes, 30 mm outside diameter and 800 mm long. The inductor 
had 5 turns and an overall length of 70 mm, with internal diameter 
38 mm, and was made from square-section copper tubing 
10 mm X10 mm x 1 mm wall thickness; it was water-cooled. The 
water sprayer, located 10 mm from the inductor, was fed at a 
pressure of 2 to 2-5 atmospheres through 3 pipes. The H.F. power 
frequency was 56,000 cycles/sec, the power being obtained from a 
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valve generator, the electrical input to which was approximately 
120 KVA. The hardened layer was 2 mm deep, its hardness 
being 60-61 Rockwell C. Transition zone width was 1’8 mm. 
The maximum deformation of the tube was only -3 to -4 mm. 

A focus-inductor or “concentrator” is used for the progressive 
hardening of small parts such as gudgeon pins and plain shafts. 





Fig. 6‘24. Arrangement of Quench Spray Relative Portion of Broach. 


to Inductor. {After Losinsky.)0^) (After Losinsky.Y^V 

A typical installation is described and illustrated in Chapter 9 
(see Fig. 9-4). 

Grooved cylindrical work 

The surface-hardening of steel bars and tubes having longitudinal 
grooves, e.g. splined shafts, can be carried out in the same way, 
but a steam-blanket formed in the groove may reduce the quenching 
rate and prevent proper hardening at the bottom of the groove. 
This can be countered by the use of a high-pressure spray. 
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Cylindrical articles having circumferential ridges, e.g. broaches, 
present an excellent application of this method of hardening. 
Maximum current, and hence maximum heat, are developed in 
the ridges (where the coupling to the inductor is greatest), which is 
precisely the condition required, since the cutting-edges of the 

broach are to be hardened while leaving 
the core of the shaft tough and strong (see 
Fig. 6-25). 


3 - 

4 - 



Hardening of inside surfaces of cylindrical 
work* 

The internal surface of tubes and other 
hollow articles can be hardened by using 
a helical inductor and a quench-spray 
within the tube. The more convenient 
arrangement is to move the tube over the 
fixed coil and spraying-head, which are 
combined in a single unit, fed entirely from 
one end with electric energy, cooling water, 
and quenching water. It is necessary to 
employ a centring device to maintain 
clearance at all points between the inductor 
and the walls of the tube. Fig. 6’26 shows 
such a hardening unit, within an intemally- 
splined tube, 1. The long feeder consists 
of three concentric copper tubes, 2, 3, 
and 4. Water is fed to the inductor and 
spraying-head through tube 2, and the 
return water-path from the inductor is be¬ 
tween tubes 3 and 4, which are electrically 
connected. Tubes 2 and 3 are centred by 
means of the insulator, 6 ; the centring of 
the unit within the work is accomplished 
by means of the collar, 5. The clearance 
between inductor and work should not 
exceed 5 mm. The total inductor voltage will generally be not more 
than 1000 volts, and the inductor current several thousand amperes. 

Losinsky’s papet<^ 2 ) illustrates an installation, housed in a 
tower, for the external and internal surface-hardening of cylindrical 


Fig. 6-26. Internal Hard¬ 
ening of Splined Tube, 
with Co-axial Feeder to 
the Inductor. {After 
Losinsky.yo^) 


* See also, e.g., British Patents Nos. 490514, 503130, 505073, 508027, 509895, 
520479, 529927, 535202, 538241, 545122, 547579, 548551, 548970, 560189. 
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Primary 
{Tank coiO 


-Secondary 
of H.F. 
transformer 


(c) 


parts up to 4000 mm long and 
200 mm diameter. A carrier is 
arranged for up and down move¬ 
ment of the work, which can also 
be rotated. 

Coupling of feeder and inductor 
to oscillator tank-cofl 

Three possible ways of coupling 
to the oscillator tank-coil are 
shown in Fig. 6-27. The oscillator 
itself is a conventional Hartley 
type. In the arrangement at (a), 
the inductor circuit is aperiodic, 
so that changes in effective react¬ 
ance during heating, and even a 
change from one kind of inductor 
to another, do not necessitate 
a retuning of the oscillator, other 
than for the purpose of obtaining 
a particular frequency. On the 
other hand, circuits (b) and (c) 
employ tuned inductor circuits, 
which necessitate careful tuning of the oscillator to give maximum 
inductor current. The advantage of arrangement (b) is that the 
coupling coil and the leads to the concentric feeder do not carry 
the full inductor current /, but only the power-component of it, 
which may be as little as 1/20 or even 1/50/ (i.e. Q=20 to 50). 


Fig. 6-27. Methods of Coupling 
Feeder and Inductor to Tank-circuit 
of Oscillator. (After Losinsky.)02) 
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The inductor-circuit condensers are located as close as possible to 
the feeder input. The advantage of circuit (c) is that the voltage of 


the coupling loop is low, only ^ of the inductor voltage; at resonance, 

the condenser voltage is very nearly equal to the inductor voltage. 
All parts of this series-tuned inductor circuit carry the full inductor 
current. Circuit (a) is the most flexible, but (b) or (c) may be 
preferred for particular types of work involving only occasional 
changes in the set-up. 


Throi^-beating 

Through-heating by induction is being applied to forging work, 
continuous progressive through-hardening and tempering of bar 
stock, and continuous annealing of rods and tubes. The process 
is suitable for steel and for non-ferrous metals and alloys, although 
the overall eflBciency of power conversion is necessarily lower for 
high-conductivity non-ferrous materials. 

The application to forging has several advantages which offset 
the high capital cost of equipment; they are: 

(1) Rapid heating, faster than by any other method. 

(2) The relative absence of scale, due to the fast heating, 
results in longer life of forging dies, and gives a better finish. 

(3) High electro-thermal conversion efficiency, the heat being 
generated in the metal itself. 

(4) Greatly improved working conditions, since there are no 
fumes and only the workpiece is at high temperature. 

(5) Small floor space required for heater units, again because 
of the rapid heating, and also because no thermal lagging is 
required. 

(6) The method is eminently suitable for automatic working. 

An interesting small-scale application of heating for forging is 
illustrated in Fig. 6-28. This shows the feed mechanism and 
inductor for heating small steel slugs to 1050-1100° C. The slugs 
are fed automatically, at a selected rate, through two silica tubes 
surrounded by an oval helix coil. The generator is a 20-KW unit 
of the kind shown in Fig. 5-30. Each slug weighs approximately 
■1 lb, and the unit delivers 20 slugs per minute to the forging press. 

In 1943 the Ajax Electrothermic Corporation installed in the 
Youngstown Pressed Steel Division of the Mullins Manufacturing 
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Corporation what was claimed to be the largest plant of its kind in 
the U.S.A. The installation was for induction-heating bar stock, 
used for making 105-mm steel shells, and comprised eight 700-KW 
960-cycles/sec motor-alternators, each supplying seven bar-heaters. 
Two of these heaters, and their correction condensers and control 
gear, are seen in Fig. 6-29. 

Heating times and power ratings for through-heating are discussed 
in Chapter 9, and an automatic heater for bolt-heading is described. 
An outline of the electrical design of this heater is given below. 



[Courtesy of Birlec Ltd. 

Fig. 6-28. Feed Mechanism and Inductor for Heating Small Steel Slugs 

for Forging. 


Specification. To heat diameter steel bars, for a distance of 
21* from one end, to 1200° C, at a maximum rate of 800 per hour. 
Provision to be made for heating a longer length, 3^*, at a 
corresponding lower rate. Power supply: 500-v 10-KC/S motor- 
alternator ; assume 430 v available at the coil unit. 

Consideration of heating rate and generator loading (see 
Chapter 9) indicate that a 6-coil unit will be required, giving a 
cycle time per coil of 27 secs, of which 25 secs will be 
usefully employed in heating the bar; automatic unloading and 
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reloading occupies the remaining 2 secs. The 6 coils will be 
electrically in series. 

The heat-content of the specified heated length of 2|* is 166 KW- 
secs; to this must be added conduction and radiation losses, 
estimated at 10%, making the total energy input to the work 
183 KW-secs. Corresponding energy-input to coil, assuming 
75% efficiency, is 244 KW-secs, so that the average power- 
input to each coil, for a heating time of 25 secs, is 9'75 KW. 




[Courtesy of Birlec Ltd. 

Fig. 6-29. Ajax Induction Heaters for 3' diameter steel bars, 
19* heated length. Each 100 KW, 400 V, 960 cycles/sec. 
Heating time, 3 mins 52 secs. Note water-cooled condensers. 


It is found that, to heat a length of 2^’ of the bar uniformly, 
a total length of 2^" should be within the coil. Then the 
minimum length of coil to cope with a 3^* heated length is 
approximately 4*. 

Other quantities required for calculation of coil turns and power 
factor are; 
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Coil. Inside diameter. 
Length, 


Bar. Diameter, 

Length in coil. 


Z)=«3*34 cms 
LsalOO cms 


^-334 

Kx = -%1. 
d=2-22 cms 
1=7-3 cms 

j=304 


K2 = -SS 

p= 110,000 E.M.U. 

No correction factors are required for coil and charge shortness 
with these proportions. 

Penetration depth p =-5 cm, whence 


r _ \/2r 


= 314; 




From equation 6-35 wc have: 

Loaded coil P.F. 


•0000334+ 000082 
6200x10-9x81-1 


i.e. cos (f> =-228 lagging. 

Coil efficiency = . 0001154 ^ 100=71 

And from equation 6-38, the number of turns/cm length of coil is: 

_450 / ^28^109 

"“'OttV 9750X 62,800X 81 1 

= 1-62. 


Total coil turns A^=/iL=16 approx. 

The water-flow required for each coil, assuming 30% of total 
power-input will be taken away in the cooling-water, with 44° C 
rise is I 

C=- ^ -=-21 gallons/mm. 

1' I' 

The coil tubing section will be ^ square with wall thickness; 

each coil will require approximately 7 ft of tubing. The pressure 
drop through each coil for the required water-flow will be approxi¬ 
mately 10 to 15 Ib./sq. in. 
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Total power-input to 6-coil unit=6x9-75«»58-5 KW. 

Coil-current = ampires. 

Total condenser KVA required, based on 500-v rating 
= (1^)^x450 x 570x10-3=317. 

Test results obtained on the unit described in Chapter 9 were: 
Coil efficiency (calorinietrically)=72-5 % 

Loaded power factor =’218 

Installed condenser KVA =315 

(Rated at 500 v, 9300 cycles/sec). 

Examples of other applications of induction heating 

Induction heating has been applied to brazing. An interesting 
recent example is in the manufacture of a type of steel tube.(37) 
Strip-steel is bevel-edged and then wound spirally on a mandrel, 
with copper strip interwound.* The spiral is passed through a 
high-frequency coil and heated to copper-brazing temperature 
(about 1120° Q in a reducing atmosphere. The brazed tube can 
then be drawn to any required diameter. The process is quick and 
continuous, and the tubes have high bursting-strength, since the 
grain runs spirally. 

Another application is the brazing of tungsten-carbide tool-tips, 
reamer cutters, milling cutters, etc., to steel shanks or discs. The 
expensive carbide cutting-edge is placed in position with a thin 
shim of copper, brass, or silver-solder between it and the steel 
body of the tool. Heat is then generated in this region by induced 
eddy-currents. Normal silver-solder fluxes may be used, or the 
parts may be brazed in a reducing atmosphere such as pure 
hydrogen, cracked ammonia, or partially-burned town’s gas from 
which water vapour and sulphur have been removed.(39) A 
controlled atmosphere is recommended for H.F. brazing applica¬ 
tions where the higher melting-point brazing alloys are used. 

Pancake or conical spiral coils are convenient for tipping lathe- 
tools; alternatively, a rectangular helix can be used. Copper 
3 * V 

tubing of about jg or g outside diameter is usually necessary, in 
order to accommodate sufficient turns, unless a concentrator is 


* See aijo British Patent No. 477526. 
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used. Cleanliness and accurate temperature control are the 
principal advantages of the H.F. method here. 

Two set-ups for brazing small parts are shown in Fig. 6-30 (a) 
and (b); a description will be found in the section “H.F. Trans¬ 
formers”. These concentrator units are designed to work with a 
small spark-gap converter. 




[Courtesy of Birlec Ltd. 

Fig. 6-30. Ajax “Focus Inductors” for Brazing Small Parts. 

Soft soldering with the aid of induction-heatingt^*' may offer real 
advantages over other methods, where large quantities of an article 
are to be mass-produced, despite the high first-cost of the equipment. 
The H.F. method makes possible the application of the correct 
amount of heat, correctly located, without risk of surface con¬ 
tamination, and without individual attention to each article during 
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soldering. As a result, high production-speeds can be realised, 
and a uniformly high standard of product maintained. 

An excellent example of the application of H.F. power to high¬ 
speed repetition soldering, recently described in the technical 
press,(38) is in the fixing and sealing of bases to rectangular cans 
containing condensers. The plant uses a conveyer belt which 
carries 2500 cans through the heating coil in one hour. The coil 
is ingenious, as in effect it embraces the can, while actually allowing 
the can to be moved through it, although the conveyer belt moves 
on a plane parallel to that of the “single-turn” coil. The principle 
is illustrated in Fig. 6-31 and is applicable to other conveyer belt 



Fig. 6-31. Secondary of Work-head Transformer for Soldering 
Articles on a Moving Conveyor Belt. 

H.F. operations, including rectangular and cylindrical work- 
pieces ; rotation of the work-pieces may be necessary in the latter 
case. 

Because of the low melting-temperatures of soft solders (180° C 
to 300° C), the specific power for such work is low. The equipment 
mentioned above is powered by a 2-KW oscillator operating at 
400 KC/S: only one-half of this available output power is actually 
used for the quoted production rate. 

The application of H.F, induction-heating to a process for 
separating magnesium, beryllium, calcium, and strontium from 
their ores and compounds is described in British Patents Nos. 
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466763, 469760, and 53481In this process the ore is mixed 
with a reducing agent and the mix heated, by induction, in a vacuum. 
Mtex drawing oif gases resulting from initial heating, the tern* 
perature of the mix is allowed to increase further, to promote 
reduction of the ore and distillation of the metal. When the 
reducing agent employed is not an electrical conductor, e.g. a 
carbide, the ore and reducing-agent in finely divided state are 
placed within or around a primer which can be heated by H.F. 
induction, and which then heats the mix by conduction. The 
primer is preferably a graphitic crucible in which the reduction 
process is carried on. Reducing-agents which are electrical con¬ 
ductors, and which may be used, are graphitic carbon, silicon, 
aluminium, calcium, or alloys of these elements. 

In this process, H.F. heating results in a high thermal efficiency, 
because of the localisation of the heat, and also simplifies vacuum 
and distillation problems. The vacuum is maintained higher than 
that permitting a reverse reaction in which magnesium vapour 
recombines with oxygen from carbon monoxide generated in the 
process. A vacuum of -01 mm is preferred, but must be kept 
below 2 mm in any case. Too low a vacuum (i.e. pressure greater 
than about 2 mm) is readily indicated by the appearance of 
myriads of luminous pin-points in the reaction-chamber, indicating 
recombination between magnesium and oxygen. Too high a 
vacuum, in relation to the induction frequency, produces a glow 
discharge in the metal vapour, and much of the electrical energy 
input is absorbed by this discharge. Typical reactions are*: 

1100 to 1175° C 

(1) 2(MgO.CaO)-|-iFeSi6-^ 

•005 to -5 mm Hg 

IMg/'i + J Fe - 1 - 2CaO. SiOa. 

1050 to 1175°C 

(2) 3{MgO.CaO)+2Al-^ 3Mg7I-l-3CaO. AI 2 O 3 . 

•005 to -5 mm Hg 

The reclamation of rubber and metal from scrap metal-to-rubber 
bonded articles is another recently developed process in which 
H.F. heating is employed. Eddy-current heating of the surface 
skin of the metal causes the rubber in contact with it to melt, and 
the rubber is then easily removed. 

* For a review of vacuum techniques used in conjunction with induction heating 
see “Vacuum Metallurgy’*, R. A. Stauffer; paper published in the High Vacua 
Convention Supplement to Chemistry and Industry^ Oct. 9th, 1948. 
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Localised annealing has also been carried out with the aid of 
H.F. induction-heating, a typical example being the treatment of 
the rim of a motor-car headlamp body pressing, prior to forming 
the rim to a rather complex section. Fig. 9-12 shows how the 
H.F. energy is supplied to the body pressing. The rim is annealed 
for a distance of about IJ' from the edge; the remainder of the 



Fig. 6 32. Current Penetration Depths for Various Resistances and 

Frequencies. 


body retains the work-hardness achieved during the drawing 
operation. A description of the unit built for this operation will be 
found in Chapter 9, in the section dealing with handling equipment. 

The normalising and annealing of welded Joints in steel pipes 
forms an excellent application of induction-heating. The coil is 
wound tightly over an asbestos cloth wrapped around the joint. 
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After the heat-treatment, the coil is unwound and, if of water- 
cooled tube, annealed before it is again used.* 

Induction-heating of thin strip such as steel and aluminium for 
annealing, tube-forming, tin-plate flowing, etc., is attractive because 
the rapid heating obtainable allows the strip to be run at high speeds 
through “furnaces” of relatively short length. Strip materials in 
which the penetration depth is a small fraction of the strip thickness 
(say, i or less), are conveniently heated in a flattened helical coil, 
as indicated in Fig. 6-7. The heating of aluminium and other high- 
conductivity strip, and of steel strip in the temperature range below 
the Curie point, can be done in this way; in particular, steel strip 
heating to 250° C, to cause electro-deposited tin to flow to give a 
bright finish, has been a very successful application in the United 
States (see, e.g., British Patent No. 568463). 

Strip material in which the nominal penetration depth is approxi¬ 
mately equal to, or heater than, the strip thickness, such as steel 
strip above the Curie-point temperature, can be heated efficiently 
by passing the strip between slotted laminated steel or nickel- 
iron pole systems wound with exciting coils, arranged so that the 
magnetic field is normal to the strip surface. The coils are supplied 
with energy from an A.C. source and circulating currents are 
generated in the plane of the strip instead of around the perimeter 
of the strip-section. The supply frequency required may be as 
high as 10,000 cycles/sec in the case of thin steel strip, while relatively 
thick aluminium strip may be heated at normal mains frequencies 
(see, e.g., British Patent No. 593195, and U.S. Patents Nos. 2448009 
to 2448012 inclusive). 

* Alternatively, heavy-current dry asbestos-covered flexible cable may be used. 
It is possible to use a mains-frequency supply for preheating for welding, and for 
stress-relieving after welding, if the required temperature is less than 600® C or so. 
See, e.g., U.S. Patent No. 2184534. 




CHAPTER 7 


Dielectric Heating 


It was pointed out in Chapter 1 (p. 15) that solid dielectric 
materials used in condensers were not loss free, and this is par¬ 
ticularly so when a condenser forms part of an A.C. circuit, that 
is when the electric field in the dielectric is an alternating one. 
The effect of the power-loss, which results in heating of the dielectric, 
can be represented by either a series or a parallel resistance, as 
shown in Fig. 1-10 (a) and (b). 

The supply current to either arrangement will lead the applied 
voltage by an angle less than 90®, and the component of this current 
which is in phase with the applied voltage is the power-h^ss com- 



Fig. 71. Power-loss in a Condenser represented by: (a) Equivalent 
Series Resistance, (b) Equivalent Shunt Resistance. 

small (rarely greater than -1, and commonly between -05 and 
-0001), and it is convenient and usual to measure the small “loss 
angle” 8 rather than the large angle <!> (Fig. 7-1). 

The power factor in either (a) or (b) is sin 8, and the power-loss 
is VI sin 8. When 8 is very small, sin 8=8 = tan 8, and the power 
factor is generally taken as tan 8. Strictly, in order that systems 
(a) and (b) shall both present exactly the same effective impedance 
to the supply, the two capacitances cannot have the same value, 
but provided that 8 is small, they may be taken as equal. 

The value of the equivalent series or parallel resistance is 
obtained thus: 
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i_a) Series resistance; 

Power factor == tan 8 = 


Xc’ 


whence /fs=A'ctan S 

(b) Parallel resistance: 


tan 


7-1 


whence 


/?/>= 


1 


7-2 


'I'lrfC tan 8 

The equivalent series and parallel resistances can each be 
expressed in terms of the other by combining equations 7-1 and 7-2: 


o _ 1 

^ Rp(mCy • • 

. . . 7-3 

R - ‘ 

... 1-4 


The heating of dielectrics in an alternating field is being used 
industrially in many ways; examples are: 


(1) Pre-heating of bakelite powders prior to moulding.(^^-^5) 

(2) Heating of laminated wood structures to set the glue; 
synthetic resin “glues” are being used in this process.(<® ‘*7-'<®> 

(3) Pre-heating of rubber prior to moulding or curing. 

(4) Dehydration of food-stuff's, textiles, pharmaceutical pro¬ 
ducts, etc. 

(5) Heating of thermo-plastic materials. 


(6) Manufacture of bakelite laminated sheet. 

(7) Softening of bakelite sheet prior to stamping, punching, etc. 

(8) Cooking; for example, in the manufacture of cakes and 
biscuits. 

Dielectric heating is now widely used for medical purposes, 
e.g. in the technique known as high-frequency diatheimy.t^z) 

In addition, recent researches suggest the possible application 
of H.F. electric fields to the stimulation or the destruction of 

micro-organisms.(53) 

Dielectric heating differs from eddy-current induction-heating 
in three important respects. Firstly, much higher frequencies are 
used—2 to 200 MC/S being the present range. 50 MC/S is a 
commonly used frequency for general purpose work, perhaps 
because satisfactory diathermy equipment has been available 
for low-power applications. 

15 




226 I ndustrial High Frequency Electric Power _ 

Secondly, the specific power per unit volume is much lower. 
This is because present-day applications are limited to the heating 
of materials to temperatures not usually exceeding 200° C. 

Thirdly, the heat is generated in the body of the material, whereas 
induction-heating is essentially a surface effect. 

These factors, frequency, specific power and heat distribution, 
are dealt with in the following paragraphs. 


farads. 


Specific power required for heating a dielectric 
Consider a rectangular block of dielectric material, of volume 
Ad cm^ (Fig. 7-2) and of permittivity K. 

The capacitance of a condenser consisting of this block sand¬ 
wiched between two metal plates on 
the faces of area A, is: 

Acm^ ^ T - farads 

dcm. ^“47rrf 9x10“ 

] i The condenser current, when a 

■V. sinusoidal voltage V (RMS) is 

applied, is: 

/= FcoC amperes. 

Fig. 7'2. Dielectric Block tor 

Equation 7-5. So that the volt-amperes 

VI=V^ioC. 

The power dissipated in the dielectric is VI tan S, 

i.e. Power developed = F2a>C tan 8 

V^ojKA. tun 8 _ , 

— ;i - } —n-TTfTi watts .... 70 

47rdx9x 10“ 

The product K tan 8 is called the loss-factor of the material.* 

The specific power developed, i.e. watts per unit volume, is: 

. _ V2(oK tan 8 t ^ 

ri—jTT,-,-watts/cm^ ... 7-6 

47rr/2x9xl0“ ' 

The power actually required to heat 1 cm’ of the material 
through a temperature range 7’° C in / secs is: 

4-2 D.S.T _ 


Fig. 7-2. Dielectric Block for 
Equation 7 5. 


Plcm^ = - - -watts , . . 

Z)=density in gms/cm\ 

5=specific heat in calories/gm/® C. 


♦ The dielectric constant K varies with temperature, and it has been found, in the 
majority of cases, materials which have a high temperature coefficient of K also have 
a large loss-angle, and that the ratio of the two is practically constant. See M. 
Gevers and F. K. du Pr6, Philips Technical Review^ Vol. 9, No. 3, 1947. 
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Alternatively, the power required to raise the temperature of a 
mass of m gms weight of the material through r° C is: 




watts 


7-8 


for a heating time of t secs. 

For example, to heat 1 kilogramme of rubber from 20° C to 
150° C in 1’5 mins, assuming a specific heat of 0-4, requires a 
power input to the rubber of approximately 2-5 KW. If the 
rubber were in the form of a block 12-6 x 12-6 x 6-3 cms (assuming 
a density of 1-0), i.e. /I = 159 cm^ rf=6-3 cms, and taking K=2 2, 
tan 8=-02, the voltage required to develop this power, from 
equation 7*5, is approximately 9000, for a supply frequency of 
50 MC/S. The heating-circuit current would be approximately 

2-5 

1-4 amperes, and the KVA=;g 2 = ^25. The power developed in 

the work is equal to that which would be dissipated in a series 
2500 

resistance Rs of j;p- = 1275^2, or a parallel (shunt) resistance 

- 90002 

2500 -32.40013. 

Reducing the volume remaining constant, enables F to be 
reduced in proportion, for the same load-power. The current 
would be increased, and the KVA would remain as before. 
Alternatively, for a constant voltage, the power is inversely 
proportional to d, and directly proportional to A and to 
frequency. 

The upper limit for the applied voltage is set by electrical break¬ 
down of the air between the plates or electrodes, by tracking across 
the surface of the material between the electrodes, and by corona 
discharge from the electrodes and leads. Breakdown within the 
dielectric material itself is generally unlikely to occur before one 
or other of these effects. The dielectric strength of air is lower 
at high frequencies than under conditions of steadily applied 
potentials.^*®) Corona discharge can be avoided by rounding the 
edges of the electrodes and by using tubular leads rather than 
thin wire or strip. 

Equation 7'8 gives the H.F. power required in the work; in 
practice the total H.F. power output from the oscillator will have 
to exceed this by about 20 to allow for losses in the tank-circuit 
and couplings. 
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An account of the mechanism of dielectric heating, in the light 
of modern theories, will be found in an article by Dr. L. Hartshorn, 
published in Wireless World, January 1945. 


Distribution of heat in the work 

The elementary treatment given for the dielectric block of Fig. 7-2 
assumes uniform electric field distribution within the block. This 
is justifiable unless the dimensions of the block are of the order 

of ^ or more, A being the wavelength of electromagnetic propaga¬ 
tion in the material, i.e. 

30 000 

X— —:——= cms, approximately. 

jMcisVKfi 

Nearly all dielectrics are non-magnetic, so that, taking x equal 
to or less than ^ as the criterion, we have an empirical rule for 
the maximum frequency for reasonable field uniformity 


1500 
^ xVK 


MC/S, 


X cms being the principal dimension of the block. Below this 
frequency the electric field distribution is substantially the same as 
for a steady field; the parallel-plate arrangement of Fig. 7-2 
then gives a fairly uniform field throughout the dielectric. (See 
also Fig. 814.) 

Equation 7-6 shows that the specific power is proportional to 
the square of the voltage-gradient, VId; i.e. to the square of the 
electric field-strength. A uniform field ought, therefore, to result 
in uniform heating throughout the dielectric. Heat is usually 
lost by conduction from the outer skin, however, so that in most 
cases the interior is raised to a somewhat higher temperature than 
the surface. The internal temperature of rubber blocks and 
“preforms” can be checked by means of a thermo-couple encased 
in a small metal tube, rather like a bodkin, pushed into the material. 
Most dielectric materials are poor conductors of heat, and the 
readings obtained will usually be steady over a period of a minute 
or so; this is a useful property in one respect, since little heat is 
lost during the time of transferring the block to the mould. 

In the older method of heating moulding material by conduction 
from the heated mould itself, it was not possible to obtain a uniform 
temperature throughout the material, those parts in contact with 
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the mould becoming appreciably hotter than the interior. A 
combination of this method and H.F. pre-heating before placing 
the material in the mould can be made to produce practically 
perfect uniformity of temperature and hence of curing; this makes 
possible larger mouldings and reduced moulding pressures. A 
further advantage of H.F. pre-heating is that the greater part of 
the water content is driven oflF before the material is put into the 
mould, which need not then be opened for the purpose of 
“breathing” during the moulding operation. 

In some applications of dielectric heating, heat is required to be 
generated locally and not uniformly throughout the article. 
Examples are found in the jointing of wood and of plastics. The 
electrodes are then shaped and positioned so as to concentrate 
the field as much as possible in the region where the heat is required. 
Also, where applicable, the introduction of materials having higher 
dielectric constants,' or higher loss-factors, than those of the bulk 
of the article, will serve to localise the heat. 

Power oscillators for dielectric heating 

The frequency to be employed depends to some extent upon the size 
of the article to be heated.f’O) The usual procedure is to determine 
the maximum permissible voltage without flashover, and then to 
calculate the appropriate frequency required to develop the 
necessary power in the work. For large articles, several feet long 
and a foot or so thick, “low” frequencies (2 to 5 MC/S) must be 
used. This is partly because of the difficulty of generating sufficient 
power at very high frequencies; partly because considerable power 
would be radiated from the leads and electrode system if higher 
frequencies were used; and partly because of the difficulty of 
obtaining uniform field distribution in the work when the electrodes 
are an appreciable fraction of a wavelength long. The latter 
point can, however, be compensated for to some extent by using 
matching stubs (see p. 247). Again, large articles will, in general, 
be associated with large capacitance, and then the inductance 
which would be required in conjunction with this would be 
absurdly small at very high frequencies. 

Articles having dimensions of a few inches may be heated by 
sources operating at 10, to 50 MC/S, and at least one example has 
been described in the technical press in which a frequency of 200 
MC/S was used, for the purpose of “spot-glueing” wood in a 
manner not unlike the spot-welding of metals, though the process 
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was actually simpler, being performed from one side only of the 
parts being glued together.(50) 

For frequencies up to IS MC/S or so, power oscillators similar 
to those described in Chapter 5 are used, and most high-power 
valves are suitable. Special valves, and certain circuit modifica¬ 
tions may be necessary for higher frequencies, and are essential at 
ultra-high frequencies (50 MC/S and above). 

Push-pull oscillators are very suitable for the rather high fre¬ 
quencies required in dielectric heating, because of their inherent 
symmetry with respect to the cathode-point. Fig. 5-25, in 
Chapter 5, shows the circuit-diagram of a generator suitable for 
5 MC/S or so. A push-pull oscillator circuit for 200 MC/S is 
illustrated in Fig. 7 -3.(50) 

Many applications of dielectric heating require only a low-power 



{Courtesy of" Electronics 
Fig. 7-3. Oscillator for 200 MC/S. 

oscillator, e.g. ^ KW or 1 KW output, it is common practice in 
such cases to supply the oscillator with “raw A.C.” (“self- 
rectifying oscillator”). Fig. 7-4 shows a circuit diagram of a 
system developed by the R.G.D. Company and B.I.C.C. Ltd., 
for making joints in polyvinyl-chloride cable covering. 

The diagram illustrates several other interesting features, 
additional to the raw A.C. supply. The valve filament transformer 
is supplied from a Variac transformer, V.T., giving fine control of 
filament-voltage. A series choke Lch in the supply to the Variac 
reduces the filament voltage to roughly one-half its normal running 
value when plate-power is off; this choke is short-circuited by a 
pair of contacts on the main contactor during the operating period. 

The work-circuit is shown inductively coupled to the plate-coil 
of the oscillator, which is basically a Colpitts type, with valve 
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inter-electrode capacitances providing the divided condenser and 
cathode tap. The tuning capacitance consists of the valve inter¬ 
electrode capacitances and the capacitance reflected from the work- 
circuit. Thus no manual tuning of the work-circuit is required in 
this case. An alternative method of energising the work electrodes 
is to couple them directly to the plate-coil through condensers of 
relatively high capacitance (at least ten times the effective work 
capacitance; ceramic pot-condensers or mica condensers are 
suitable). Yet a third alternative is to earth the plate of the valve, 
and insulate the filament circuit, the D.C. potential of which is 
then below earth potential by the full amount of the H.T. supply 



[Courtesy of R.G.D. Ltd. and B.I.C.C. Ltd. 
Fig. 7'4. Circuit Diagram of 450-Watt Self-rectifying Oscillator for 
Dielectric Heating. 


voltage. The work electrodes may now be connected directly 
to the plate-coil, the earthed electrode being connected to the plate. 

The meter-loop M.L. shown in the work-circuit is coupled to a 
meter-circuit comprising a screened pick-up coil, miniature diode 
rectifying valve, and moving-coil meter; this meter indicates the 
work-circuit current. Further details are given in Chapter 8. 

An “all-wave” mains input filter is provided, to suppress the 
transmission of H.F. energy through the mains. Overload coils 
X and y are also included in the mains leads; excessive current in 
these coils causes the normally closed contacts 4 to open and so 
de-energise the contactor coil. 
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The work electrodes used with this oscillator for the jointing of 
P.V.C. cable covering are interesting. There are in effect three 
electrodes; a small flexible metal “finger” making contact with a 
strip of copper-foil wound round the joint; the metallic conductors 
of the cable itself; and the relatively long metal troughs in which 
lengths of cable either side the joint lie. Fig. 7-5 (a) shows the set- 



[Courie.\)' of R.Cj.D. Ltd. and B.t.C.CC. Ltd. 

Fig. 7-5 (a). Dielectric-healing Unit for Making Joints in P.V.C. 

Cable Covering. 

up, and the effective manner in which the electric field is con¬ 
centrated at the joint. The technique employed is to leave a gap 
of about between the two ends of the cable covering, and to 
fill this gap in with plastic P.V.C. This is prepared by dissolving 
a small amount of P.V.C.<*» in hot plasticiser and cooling off the 
solution to form a gel. The gel is mechanically mixed with a 
further quantity of powdered P.V.C., the resulting product being 
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in a plastic putty-like state, convertible under heat and pressure to 
resilient P.V.C. 

The region of the joint is covered with empire cloth and metal 
foil, and H.F. power at some 30 MC/S is applied for 30 secs. 
Under the action of the heat developed, a physical change takes 
place which converts the P.V.C. from the plastic to the resilient 



[Courtesy of R.G.D. Ltd. and B.f.C.C. Ltd. 

Fig. 7-5 (b). 

state, the change consisting of the diffusion of plasticiser from the 
gel into the particles of unplasticised P.V.C. mixed with the gel. 

The covering in the region of the joint is now homogeneous, and 
the metal foil and empire cloth are unwound and removed. 

A rear view of the oscillator interior is seen in Fig. 7-5 (b). 
The timer (see also Fig. 8-7) and mains equipment are housed in 
the base of the unit; H.F. components are mounted on glass 
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stand-off insulators on a cast aluminium frame alongside the 
oscillator valve. 

A description of the ingenious dielectric-heating application, 
popularly known as the “Electronic Sewing Machine”, will be 
found in British Patent Specification 573,518. The pieces to 
be joined, at least one of which must be thermo-plastic in nature, 
are placed together and passed between pressure-rollers which are 

also electrodes connected 
to the H.F. source. 

Fig. 7-6 shows a general 
view of a Redifon unit with 
a power-output of 2 KW 
maximum at 16 to 18 
MC/S. This rating is 
sufficient to plasticise 1 lb 
of average wood-filled 
phenolic moulding powder 
preforms per minute, or 
to evaporate water from 
chemicals or other mater- 
iais at some 6 lb per hour, 
or to heat about ^ lb of 
rubber per minute for 
moulding. 

The unit illustrated is 
fitted with a large heating 
chamber which will accom- 
* modate multi-impression 

loading trays up to 21^" 
X I9|^’ X 4^' maximum 
height. This chamber con¬ 
tains a pair of electrodes 
suitable for pre-heating moulding powders and preforms, rubber 
sheet or blocks, laminated board, and similar applications. 
Special electrode systems can be fitted for such applications as 
glueing and welding. The generator can be converted to eddy- 
current heating by replacing the electrodes with a conversion unit 
consisting of condensers and a pair of water-cooled terminals for 
the work-coil connection. 

A process timer is incorporated in the oscillator unit. Thus 
for dielectric heating, the closing of the heating-chamber door. 


[Courtesy of Rediffusion Ltd. 
Fig. 7*6. Dielectrioheating Generator. 
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after reloading, automatically brings the top electrode down on to 
the work, switches power on, and starts the timer. The timer 
gives visual indication of the heating-cycle progress, and switches 
power off after a predetermined period. 

The oscillator power supply is single-phase, with full-wave 
rectification providing D.C. to a pair of TYS 4-500 triodes. Cool¬ 
ing is by means of air circulated by a high-speed fan, the air being 
drawn in through glass-wool filters near the base of the unit. 
A thermostat control switches off the mains supply if the safe 
internal temperature is exceeded. A twin overload trip-circuit 
opens the main contactor if either valve is overloaded. 

A control is provided for adjustment of output power. At 
full load (2 KW output) the input power is 3-6 KW; the consump- 



Fig. 7-7. Methods of Coupling Load to Oscillator. 

tion at no-load is only 250 watts. The equipment is fully screened 
and mains filters are incorporated. 

Dimensions of the oscillator unit are: 

Width 20"’ overall. 

Depth 30^' overall. 

Height 38|* overall, including terminals. 

Weight 350 lb, approximately. 

Coupling the load to the oscillator 

The work electrodes and the work itself behave like a condenser 
in which power-loss occurs. It is usual to make this condenser 
a part of a resonant circuit, tuned to the oscillator frequency 
so that the maximum transference of power to the work is obtained. 
Three common coupling methods are illustrated in Fig. 7-7. 
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Methods (a) and (b) are suitable only for those applications in 
which the work is very close to the oscillator. The variable 
element (C in (a), L in (b)) is adjusted to give maximum current 
in the work-circuit, as indicated on either a thermal or rectifier 
meter in a small loop circuit placed near the coupling-coil. 

When the work is some distance from the oscillator, as, for 
example, where a high-power unit, housed in a special room, feeds 
several heating jigs, a transmission line or feeder must be used. 
Fig. 7-7 (c) shows the principle involved. 

The load-circuit would present an impedance, to a supply con¬ 
nected across the whole coil L, of: 



assuming the supply frequency to be the resonance frequency of 
the load-circuit. 

The actual impedance presented to the load-end of the feeder 
can be made any desired fraction of this value, by suitable selection 
of the tapping point along £; e.g. by tapping L half-way, the 
impedance is reduced to approximately one-quarter of the value 
given above. The higher the effective load impedance, i.e. the 
impedance presented to the feeder-line, the lower will be the line 
current, and hence the lower the line losses due to resistance, for a 
given load-power. The line voltage must, of course, be increased 
in proportion. 

Tuning may be carried out by adjusting the oscillator frequency 
to that of the load-circuit, or preferably by tuning the work-circuit 
to a fixed oscillator frequency. For relatively low frequencies (up 
to, say, 3 MC/S, i.e. wavelength A = 1(X) metres), or which is the same 

thing from our point of view, for feeder lengths less than ^ wave¬ 
length, any convenient kind of feeder with suitable voltage and 
current ratings may be used, and no special precautions are 

necessary. Where the feeder is relatively long ^greater than 

its own impedance must be taken into account. Two cases will 
be considered: (a) Matched or un-tuned feeders; the tuned load 
is properly matched to the feeder, the combination behaving like 
a pure resistance at the feed-points. The current is uniform along 
the feeder, (b) Tuned feeders; feeder and load are tuned to 
resonance as a unit. Current distribution along the feeder is not 
uniform. 
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Properties of long feeders(^* *2.5<) 

Transmission lines or feeders possess both inductance and 
capacitance distributed throughout their length, and energy is stored 
in the magnetic and electric fields associated with an energised 
feeder. A feeder may therefore be represented as in Fig. 7-8 (a). 
A mechanical model of such a feeder is shown at (b), in which the 
little masses represent the inductance, and the springs the capaci¬ 
tance, of the feeder. Series resistance and shunt leakage con¬ 
ductance, which account for the power-losses in the feeder, are 
not shown in (a). 

Transmission-line theory is presented in a number of text-books. 
It is intended to show here how the results obtained can be imitated 
with the mechanical model, for in this way it is possible to develop 

^ i i i: ^ 

T T T T T T ^ ^ 

(CL) (b) 

Fig. 7*8. (a) Feeder, (b) Mechanical Model of Feeder. 


a simple and useful mental picture of the behaviour of the feeder. 
In using the model, the mechanical and electrical equivalents are: 


Mechanical 

Force 
Mass 

Displacement 
Velocity 
Acceleration 
Compliance or Resilience 


Electrical 

Electromotive force (Voltage; E.M.F.) 

Inductance 

Charge 

Current 

Rate of change of current 
Capacitance 


By compliance is here meant the extension or compression of 
a spring per unit of applied force; this is analogous to the 
capacitance of a condenser, expressed as the charge stored per 


volt applied. 

Fix one end of the model “line" so that it cannot move, e.g. to 
the floor, and hold the free end vertically above the fixed point 
with the line lightly stretched. The fixing of the far end of the 
line is equivalent to the feeder being open-circuit at its far end. 
It will be apparent immediately that this condition does not 
prohibit the flow of current into the feeder when a voltage is 
applied to the sending end, for a force applied to the model line 
results in a movement of its component parts, the movement or 
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displacement being biggest at the sending end and zero at the 
far end. The current is a “charging" current, and the springs in 
the line are further extended or compressed according to the nature 
of the applied force. 

Continuous slow oscillation of the sending end of the line, 
equivalent to the application of an alternating voltage to the open- 
circuit feeder, results in a progressively smaller movement (and 
therefore velocity) of all parts of the line, down to zero velocity at 
the far end. At very low frequencies, the open-circuit feeder thus 
behaves as a pure capacitance load on the supply, the maximum 



Fig. 7'9. Reactance of Open-and Short-circuited Feeders of Various Lengths. 

voltage (force) occurring one-quarter cycle after the maximum 
current (velocity). 

If the frequency of the force applied to the line is gradually 
increased, the amplitude of oscillation increases first to a maximum 
and then falls again (at the sending end, for constant applied force). 
At the maximum point, it will be observed that the instant of 
maximum applied force coincides with that for maximum velocity, 
i.e. the feeder now behaves like a pure resistance of low value. 
Thus the open-circuit feeder is in effect a series-resonant circuit at 
this particular frequency, /i. Increasing the frequency to twice 
this value, it will be found that an oscillation of large amplitude 
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builds up at the centre of the line, while the amplitude at the sending 
end is practically zero; moreover, the instants of maximum force 
and velocity once more coincide. At this double frequency, 2/i, 
therefore, the feeder presents a pure resistance load of very higii 
ohmic value to the supply. At frequencies between /i and 2/i, 
it would be found that the effective impedance is inductive. 

The open-circuit feeder thus presents to the supply an impedance 
which may be either capacitively reactive, or inductively reactive, 
or purely resistive, and the ohmic value for any of these conditions 
may be high or low. The reactance variation is shown by the 
appropriate “O.C.” curves in Fig. 7-9. The resistive load corre¬ 
sponding to /i will be zero, and infinite at 2/i, if the line is loss- 
free. 



{ 


Fig. 710. 


Voltage, open - c/rcuit Iine. _j Current, open - circuit line ■ 

Curren t. short-circuit I Ine. \ Voltage, short-circuit Zinc 

S.E. = Sending End cf Line 

Voltage and Current Distributions along O.C. and S.C. Feeders 
of Various Resonant Lengths. 


The modifications to the curves, to take account of line-losses, 
are not significant for such lines as are likely to be used industrially. 

Similar experiments performed with a model line having its far 
end free to move without any opposition, corresponding to a short- 
circuited feeder, will justify the “S.C.” curves in Fig. 7-9. The 
corresponding voltage and current distributions along a feeder, 
at /i, 2/i, etc., both for open-circuit and short-circuit conditions, 
are shown in Fig. 7-10. These can easily be verified with the model 
line. The horizontal line represents in each case the physical 
length of the feeder. The vertical heights, at any point, between 
this line and the sine curves represent the RMS value of the current 
in, and voltage across, the feeder at that point. The feeder is one 
wavelength long at the frequency 4/1, one-half wavelength at 
2/i, three-quarter wavelength at 3/i, one-quarter at/i. 
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The development of pronounced "standing waves’* of voltage 
and current along the feeder at these critical frequencies (multiples 
of/,) is due to the rejection of energy from the far end of the 
line (where there is no load to absorb it), in such phase as to combine 
with the forward travelling waves so as to reinforce them at some 
points and to neutralise them at others. The points of voltage 
or current minima are called voltage or current nodes; maximal 
points are called loops or antinodes. 

Terminating the feeder in a pure resistance load can be represented 
in the model by fixing a light disc to the far end of the line, so that 
it acts as an air damper* when the line oscillates. If several sizes 
of damping disc are tried, it will be found that standing waves still 
persist, being most pronounced at the same critical frequencies as 
before; the standing-wave amplitudes are largest for very small 
discs (approximately short-circuit condition) and for very large 
discs (approximately open-circuit condition), but there will be one 
particular size of disc with which no standing waves can be 
developed, at any frequency; energy is now being dissipated by the 
disc without any reflection. The line is now properly “matched” 
to the load, and the line current and hence line-losses are a minimum 
for a given load-power. The equivalent electrical feeder condition 

is the termination in a load resistance of Ro —\/^ ohms, L and C 


being the inductance and capacitance per unit of length of feeder. 
Ro is called the characteristic or surge impedance of the feeder. 
In relatively long feeders, or in feeders supplying a large amount 
of power to the load, it is desirable to match the load to the feeder 
by arranging that the effective load impedance is Ro ohms. Thus in 
Fig. 7-7 (c) the work-circuit can be matched to the feeder by suitable 
adjustment of the tapping on the coil L. Proper matching results in 
minimum line-losses, and the risk of voltage breakdown is reduced^ 
The magnitude of Ro depends upon the dimensions and spacing 
of the conductors, and upon the permeability and dielectric constant 
of the insulation; in H.F. feeders the permeability is always unity, 
and in the great majority of cases the dielectric constant is also 
unity, air being the usual dielectric. For fi and K both = 1, 

/?o=v'^=276 log ,07 ohms ... 7-9 

for twin parallel-wire feeders (Fig. 711 (a)), 


* Alternatively a liquid damping medium, e.g. oil or water, may be used in con¬ 
junction with smaller discs. 
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and /fo=138 logio — ohms .... 7-10 

t'i 

for coaxial feeders (Fig. 7-11 (b)). 

With solid dielectric material having a dielectric constant K, 
C is proportional to K, so that 


Ro^ 


1 

Vk' 


i.e. Ro is reduced when a solid dielectric is used. 

Solid insulation also reduces the physical length of a feeder 
relative to its electrical length in wavelengths. For air insulation, 
a wavelength of feeder is approximately 


/being in MC/S. 


A = -95 X metres. 


This value must be multiplied by for solid 



insulation; it is twice the distance between two adjacent maxima 
along the feeder. 


Coupling the load to the source through a matched feeder 

Twin parallel wire feeders (“open-wire” feeders), which may 
actually be constructed from tubes in some cases, normally have 
a characteristic impedance of 200 to 800 ohms, these limits being 
imposed by practicable physical dimensions. A feeder having 
Ro=600O, with its load properly matched to it, presents an 
impedance of 600 ohms to its source at the feed end, and this 
impedance has then to be transformed to the correct load impedance 
for the source. Referring to Fig. 7-12, three methods are illustrated 
for performing this second matching operation, which is necessary 
in order that the source shall deliver the maximum possible power 
to the load. In (a) the mutual coupling between the tank-coil Li 
and the secondary coil Lz is adjusted to give maximum load-power, 
16 
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as indicated by an ammeter coupled to the work-circuit. This 
would, of course, coincide with maximum feeder current if the 
load and feeder are matched. A similar result is obtained by 
adjustment of the tapping points on the tank-coil, with the arrange¬ 
ment shown in Fig. 7-12 (b). 

Another method of adjusting the coupling to the tank-coil 
employs a variable capacitance as shown in Fig. 7-12 (c), the 
arrangement forming what is known as a reactance transformer. 
If it be assumed that the feeder current is small compared to the 



Fig. 7-12. Matching the Feeder to the Oscillator. 

(Feeder untuned, i.e. terminating in its characteristic impedance Rq.) 


tank-current, it is easily shown that the reactance of the matching 
condenser C" is approximately 

.711 

where /{/.ssload resistance=feeder characteristic impedance Rq. 


I?r=efrective impedance of tank-circuit 

0=ratio 12to20when fully loaded. 

^ Load-power ■' 
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Coaxial feeders may be used instead of open-wire types; the 
characteristic impedance is much lower, usually ranging between 
50 and 200 ohms. No radiation takes place from these feeders. 
Fig. 7'11 (c) shows a form of feeder which combines the principal 
advantages of both the open-wire and coaxial types—simple and 
relatively cheap construction, with practically no radiation. 

In all three systems of Fig. 7-12 it is assumed that the load is 
correctly matched to the feeder, which therefore presents a pure 
resistance Ro between its points of connection at the feed end. 
Three adjustments are therefore necessary in all: 

(1) The load must be tuned to the oscillator frequency, for 
example, by one of the methods shown in Fig. 7-7. 

(2) The load must be matched to the feeder, for example, by 
the method shown in Fig. 7-7 (c), in which the feeder tapping 
point is adjusted to give uniform voltage and current distribution 
along the whole length of the feeder. 

(3) The coupling to the tank-circuit must be adjusted to provide 
the required amount of power in the load. This will usually 
correspond to the maximum possible power-output from the 
valves, in which case the coupling is adjusted until the D.C. 
feed-current to the valves rises to its permissible maximum value. 
The correct settings for the three adjustments are arrived at by 

repeated trials; the initial adjustments should be made with 
reduced oscillator power, for example, by reducing the D.C. supply 
volts to the oscillator (see Chapter 8). 

Coupling to the load through a tuned feeder 

If the load impedance presented to the feeder at its far end were 
a resistance of a value other than Rq, the current in the feeder 
would not be the same at all points along its length, but would, 
in the case of a long feeder, exhibit a series of alternate maxima 
and minima, as shown in Fig. 7-13. 

Curve (a) shows the current distribution when Z is a resistance 

jy 

less than Ro‘, if greater than 1), then the current at the 

load end of the feeder will be K times as large as at ^ from the 

end. Similarly, curve (b) gives the current distribution when 
Z is a pure resistance K times greater than Ro ; the current at the 

load is ^ of the value at a point ^ from the load. 
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For any line, with any kind of terminating impedance, the ratio 

^ .712 


Vx being the line voltage at any point x, and the line current 

one-quarter wavelength away from x. For the particular case of a 
pure resistance load, Z, unequal to Ro, the input impedance of a 
feeder of such a length that the feed end corresponds to a current 
minimum would be a pure resistance greater than Ro, say Rma- 
Again, the input impedance corresponding to a current maximum 
would be a pure resistance less than Ro, say Rmm- 


So that 


'=Rn 




‘X+: 


■■R« 


^■^K=^or f. 
Imtn. ^0 ^ 



Distance from Load, in waye-Lengths 


Fig. 7*13. Standing-wave Ratios on Incorrectly Terminated Feeder. 


yxxVx^^ 

and T Z l^mo — Ro^, 

Ix X/;,+* 

i*®' ^Rrm%Rmm~ Ro .7‘13 

If the load resistance Z is greater than Ro, a current maximum 
occurs at each point along the feeder an odd number of quarter- 
wavelengths from the load. When the input end of the feeder 
coincides with such a point, it behaves, in conjunction with the 
resonant load, as a low resistance, and the usual method of coupling 
to the power-source (i.e. the oscillator tank) is to make this low 
resistance a part of a series-tuned circuit, as shown in Fig. 7-14 (a). 
Two condensers, one in each line, are preferable to a single con¬ 
denser, in order that the two lines shall be balanced and so produce 
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a minimum of radiation. The tuning procedure is to adjust Ci and 
C 2 simultaneously for maximum current at the feeder input, for a 
given coupling between Li and Lz. This coupling is then increased. 
Cl and C 2 being readjusted to suit, until the maximum permissible 
plate-current to the oscillator is obtained; alternatively, until the 
required amount of power is being supplied to the load, if this is 
less than the maximum power the oscillator is capable of supplying. 

If the load resistance Z is less than Ro, a current maximum occurs 
at each point along the feeder a whole number of half-wavelengths 
from the load, so that a feeder an integral number of half-wave¬ 
lengths long will require to be series-tuned. 

Similarly, load resistances greater or less than Rq, in conjunction 
with feeders respectively a whole number of half-wavelengths or 
an odd number of quarter-wavelengths long, present a high 
resistance at the input end, and are usually tuned by means of the 



((X) (b) 


Fig. 7-14. Matching a Tuned Feeder to the Oscillator. 

parallel-resonance system shown in Fig. 7-14 (b). Again, the 
coupling between Li and Lz is adjusted to give maximum per¬ 
missible plate-current to the oscillator, with the circuit LzCz tuned 
to resonance, as indicated, for example, by maximum brightness 
in a gas-discharge tube placed near Lz. 

Stub-matchu^^<’> 

It may be necessary to couple the load to the source through a 
feeder which is neither matched to the load nor of the correct 
length for resonant operation. It is assumed that the load-circuit 
itself is tuned to the oscillator frequency, since this condition is 
essential for maximum power in the load. The input impedance 
of the feeder plus load is now complex, i.e. there is a reactance 
component; the impedance is: 


^ _ Ro{^ tsrt 

input- tan d 


7-14 
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where /?o=characteristic impedance of feeder. 

Zs=eifective resistance of the tuned load. 

0=electrical length of feeder, expressed as an angle; 

/=feeder length, in metres. 

A=wavelength, ==- y — metres. 

/=frequency in megacycles per second. 



[Courtesy of Radio Society of Great Britain ("Amateur 

Radio Handbook"). 

Fig. 7-15. Chart for Stub-matching. 

It is possible to make the input impedance purely resistive, and 
equal to Ro ohms, by connecting a pure reactance, of a particular 
value, across the feeder at a suitable point. Referring to Fig. 7-13, 
the effect of the actual load resistance Z is similar to that of a 
resistance Rm\n terminating the feeder at a current maximum, or a 
resistance Rm»% placed at a current minimum. Rm\n is less than 
Ro, Rmnx greater than Rq. There is some point, between the current 
minimum and maximum points, at which the feeder could be 
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terminated in a resistance Ro, together with some reactance, to give 
the same current distribution as for the actual load. If, therefore, 
the correct amount of reactance of opposite kind is connected at 
this point, the feeder is correctly matched between the input end 
and this point. The remainder of the feeder, from this point to 
the load, is unmatched, and should be as short as possible. 

A short length (up to one-quarter wavelength) of open-circuited 
or short-circuited line is used as a matching reactance, offering 
respectively capacitive or inductive reactance, and is placed 
within one-eighth wavelength of a current maximum along the 
feeder, preferably that maximum which occurs nearest to the load. 
The length and type of line to use, and its correct position, for any 
particular standing-wave pattern along the initially unmatched 
feeder, are given in Fig. 715. Such short lengths of reactive line 
are called matching stubs. 

An interesting application of matching stubs has been mentioned 
by J. P. Taylor, and concerns the glueing of long planks of wood 
to make laminated spars for aircraft.^-**) The electrodes were 
about 25 ft long, and at a frequency of 8-5 MC/S, this represents 
nearly one-quarter wavelength. The voltage would, therefore, 
vary along the length of the electrodes, for with the feeder con¬ 
nected at the centre of the electrodes, these behave like approxi¬ 
mately one-eighth wavelength lines, open-circuited at the far end; 
they present capacitive reactance to the feeder, together with the 
resistance corresponding to the power-dissipation in the work 
between them. The voltage distribution along the electrodes was 
made more uniform by connecting short-circuited (inductive) 
stubs across the electrodes at the two points corresponding to 
one-third intervals of the total electrode length. In this way the 
voltage variation was kept within 10"^. 




CHAPTER 8 


Auxiliary Equipment and H.F, 
Measurements 


Power supplies for valve oscillators 
The most convenient power-source, and the most common, is 
the alternating current mains. In Britain the standard frequency 
is 50 cycles/sec, and standard voltages are 230 single-phase, 
and 400 three-phase. Power at the appropriate voltages for 
filament and plate circuits of a valve-oscillator is easily obtained 
from suitable transformers supplied from the A.C. mains. 

A.C. power is quite satisfactory for valve filaments. It is 
necessary, with high-power valves, to provide some means of 
increasing the filament voltage gradually to its normal working 
value, rather than to switch the full voltage on directly. This can 
be achieved by using a variable series resistance, or a filament 
transformer with high leakage-reactance, or a normal transformer 
supplied from a Variac, or other regulator-transformer. The maxi¬ 
mum current during the initial heating-up period should not be 
allowed to exceed approximately times the normal running 
current, even momentarily. In calculating the series resistance 
required to do this, the cold resistance of the filament can be regarded 
as negligible. Similarly, if a “leaky” transformer be used, its short- 
circuit current should not exceed 1 ^ times the normal filament 
current. Some series resistance is desirable in any case, for accurate 
setting of the filament voltage; a reliable voltmeter should be 
included on the meter panel. 

The plate-power supply system may be one of several kinds: 

( 1 ) “Raw” A.C. (“self-rectifying oscillator”). 

(2) D.C. from single-phase half-wave rectifier. 

(3) D.C. from single-phase full-wave rectifier. 

(4) D.C. from polyphase (e.g. 3-phase) half-wave rectifier. 

(5) D.C. from polyphase full-wave rectifier. 

( 6 ) As for ( 2 ) to (5) inclusive, using grid-controlled rectifiers, 
giving smooth control of D.C. output voltage from zero to the 
rated maximum, and/or electronic power-switching. 

248 
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“Raw” A.C. is used to some extent in low-power oscillators, 
notably for dielectric heating with power of the order of 1 KW or 
less. High-voltage A.C. from a transformer is applied directly 




Fig. 81. Rectifier Circuits: (B) Half-wave, Single Phase. (C) Full Wave, 
Single Phase. (D) Half-wave, Three Phase. {E) Full Wave, Three Phase. 


to the oscillator in lieu of the D.C. supply indicated in Fig. 5-19. 
An example of “raw” A.C. feed is seen in Fig. 7-4. 

The oscillator functions only during alternate half-cycles of 
the mains supply, when the anode voltage is positive relative to 
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the cathode; also the oscillation-amplitude is varying during the 
active half-cycle. The system has two serious disadvantages: 
the valve is necessarily generating less power than its rated 
maximum; and any radiation from the plant is amplitude- 
modulated and will cause interference with radio communications 
over a wide band of frequencies. Very thorough screening is 
therefore essential. On the other hand, the system possesses the 
merits of simplicity and low cost. Screening is necessary whatever 
the plate-power supply system used, so that screening costs need 
not be taken into account in assessing the relative merits of different 
systems. The “raw” A.C. system demands very complete screening, 
but it is not worth while making other than thoroughly efficient 
screens in any case. 

The use of rectifiers giving practically constant D.C. output is 
usual in high-power oscillators. Mercury-vapour rectifying valves 
are almost universally employed because of their large current¬ 
handling capacity and high efficiency. Where the hot-cathode 
type of valve is used it is necessary to arrange for a time-delay 
between the switching on of the rectifier filaments and the applica¬ 
tion of the high voltage to the rectifier circuits. The length of this 
delay is quoted by the valve manufacturer; a greatly increased 
delay must be allowed when the valves are put into service for the 
first time, or after a long period without use. 

Fig. 8-1 shows circuits for the systems (2) to (5) inclusive, and 
the table below gives the information necessary for selecting 
suitable rectifiers. Reference should be made to, e.g.. The J. and P. 
Transformer Book* for information on rectifier transformer design 
and ratings. 


Circuit 

Eiyc 

^RMS 

J^inv. 

^DC 

/dc 

Lv. 

Single-phase, half-wave 

•45 

3 14 

1 

Single-phase, full-wave 

•9 

3*14 

2 

Single-phase, bridge 

•9 

1-57 

2 

3-phase, half-wave 

117 

2-09 

3 

3-phase, full-wave 

2-34 

105 

3 


£inv.=peak inverse voltage across rectifier. 

/av. = rectifier average anode current. 

(Rectifier manufacturer specifies maximum safe values for these.) 

A smoothing choke giving substantially constant load-current is assumed, and for 
this the maximum instantaneous rectifier current is equal to the load-current. 

• Johnson and Phillips Ltd., Charlton, London, S.E.7. 
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The single-phase half-wave rectifier has no advantages other 
than apparent cheapness and simplicity, and is unsuitable for any 
but very low-power work. A reservoir condenser must be con¬ 
nected either across the rectifying valve or across the load, if it is 
desired to have reasonably constant load current; otherwise only 
discontinuous pulses are obtained. The output voltage is low, 
and the volt-ampere rating of the transformer is high. In common 
with other simple half-wave rectifiers, such as the 3-phase system 
of Fig. 8T (D), the flux in each transformer leg has a uni-directional 
component superimposed on the alternating component; this 
leads either to a bulky core or high magnetising current. In a 3-phase 
transformer this D.C. component can be avoided by using the inter¬ 
connected star secondary arrangement shown in Fig. 2-8. 

Single-phase full-wave rectifiers are quite satisfactory for power 
up to about 2 KW. The bridge circuit has the merits of lower 
inverse voltage across the valves (as there are two valves in series), 
and the transformer secondary rating is lower; on the other hand, 
it requires more valves and a slightly more expensive filament- 
transformer system. In both, the fundamental frequency of the 
ripple in the output voltage is twice the supply frequency. Smooth¬ 
ing is achieved by means of one or more choke and capacitance 
filters. 

The minimum inductance in henries for such a filter (series choke 
followed by shunt condenser) is numerically approximately equal 
to the load resistance in kilohms. The capacitance of the shunt 
condenser used with the choke must be large enough to make the 
filter resonant at a frequency considerably below the ripple 
frequency. The choke should be placed in the positive line rather 
than the negative. 

Three-phase rectifiers are commonly used for high-power work. 
The full-wave system is desirable; the output voltage is high, the 
transformer KVA only slightly exceeds the D.C. output power, 
and the ripple voltage is small, and of high frequency (six times the 
supply frequency) so that smoothing is easy. A simple choke is 
sufficient for industrial power-oscillators. 

Mention has been made of the need for means of reducing 
the D.C. H.T. voltage to a low value while preliminary adjustments 
are being made to an oscillator. A simple way of making this 
provision is to have tappings on the high voltage transformer to 
give, say, one-half, three-quarters, and full voltage as required. 
An alternative which permits smooth variation of H.T. volts from 
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zero to maximum is the use of grid-controlled mercury-vapour 
rectifying valves. These valves remain non-conducting, even when 
the plate is at a high positive potential, provided that the grid 
potential is made sufficiently negative. The moment during the 
transformer voltage-cycle at which the valve commences to conduct 
is determined by control of the grid voltage. Fig. 8-2 shows the 
waveform of the unsmoothed rectified voltage for two different 
“cut-off” or conduction-delay periods. The smoothing choke in 
the D.C. line will have developed across it the greater part of all 
the alternating-voltage components of this complex rectified 




Fig. 8-2. Waveform of Rectified Voltage from 3-phase Half-wave Grid- 
controlled Rectifier: (a) No Cut-off. (b) 60° Cut-off. 

voltage. The load-voltage is then practically unvarying and equal 
to the average value of the total rectified voltage. This average 
value obviously falls as the cut-off angle dc increases, ultimately 
becoming zero.t^^) 

The system provides an excellent means of accurate and fine 
control of oscillator output, with negligible waste of power. The 
grid-control voltage is usually obtained from the mains A.C. supply, 
and the cut-off angle is conveniently varied by phase-shifting the 
grid-voltage, relative to the anode-voltage, with a phase-shifter of 
the induction-regulator type. This is a form of induction “motor”, 
the rotor of which forms the rotatable secondary of a transformer, 
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and which supplies the control-grids voltages. The rotor is turned 
through any chosen angle by means of a hand-wheel and gearing; 
it is prevented from “motoring” in the ordinary sense. This 
controlled rotation of the rotor alters the phase-angle of the grid 
voltages of the rectifying valves, and so controls the D.C. output 
volts of the rectifier. 

“Phase-shift control” of rectified voltage can also be achieved 
by means of a capacitance-resistance phase-shifting system, as 
indicated in Fig. 8-3 which illustrates the principle applied to a 
single-phase full-wave rectifier. 



Fig. 8-3. Single-phase Full-wave Rectifier with Grid-control of D.C. 

Voltage. 

The vector diagram, which ignores the small effect of the two 
50 Ki3 resistors forming the phase-splitter for the two grids, shows 
that a grid-voltage phase-shift from 0 to 180° can be obtained by 
varying R between zero and infinity. The rectified output voltage 
can therefore be adjusted to any value between zero and -9 £rms- 
Mercury-pool high-voltage rectifiers have been developed for 
power-oscillators, and it is probable that, with grid-control becom¬ 
ing virtually a necessity, this type will in time largely replace the 
hot-cathode rectifier, particularly for high-power ratings. The 
pool-rectifier can withstand occasional heavy overload without 
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damage, and repetition high-speed power switching can be 
accomplished, by means of a blocking-voltage on the grids, without 
the mechanical difficulties associated with contactors. 

Yet another advantage of grid-controlled rectifiers is that they 
provide a method of high-speed control of power during a heating 
cycle. They cannot compensate for changes in load impedance in 
such a way as to maintain full load on the oscillator, since full load 
must correspond with maximum supply voltage Eqc, but variation of 
power in a given load impedance can be achieved by varying the 
D.C. supply voltage to the oscillator. 

Finally, supply mains voltage variation may be compensated 
by using a suitable rectifier grid-voltage phase-shift circuit. Sum¬ 
marising, grid-controlled rectifiers make possible any combination 
of the following functions: 

High-speed switching of oscillator power supply. 

Manual or automatic control of oscillator supply voltage, and 

hence of load-power. 

Compensation for mains voltage variation. 

Screening of H.F. equipment 

All industrial H.F. equipment employing an arc or spark oscillator 
must be thoroughly screened to prevent electro-magnetic radiation 
beyond the immediate vicinity of the plant, whatever the nominal 
frequency of the oscillations. Similarly, apparatus operating at 
any frequency above 10,000 cycles/sec, even though the oscillation 
is of constant amplitude, must be screened. Screening is achieved 
by enclosing the apparatus within a metal box, cubicle, or room, the 
metal being connected to a low-resistance earth. When a screened 
cubicle or room is required, it is sufficient to use small-mesh wire 
gauze, the mesh being not larger than and the gauge not thinner 
than 25 SWG. Galvanised iron wire, preferably copper-plated, 
is suitable. For a cubicle, the gauze is fastened to an angle-iron 
framework, all metal parts being adequately bonded to give a low 
resistance from all points to earth. Special care must be taken to 
ensure good electrical contact between the door and the remainder 
of the framework. A wooden floor is usually laid over the floor- 
gauze. 

To screen an existing room, all surfaces of walls, ceiling, floor, 
and windows must be covered with wire-gauze, adequately bonded 
throughout, and earthed. Where the room can be screened during 
building, the gauze can be embedded in the plaster of walls and 
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ceiling, and laid beneath the flooring. Metal door and window- 
frames should be incorporated. 

In all cases, a 1-inch overlap must be allowed at joints in 
the wire-gauze, and soldered joints made at 12-inch intervals. 
Abutting surfaces of doorways and window-frames should be 
covered with sheet brass, copper, or zinc, to make contact with door 
and window screens. The sheet metal should be soldered to the 
wire-gauze at 12-inch intervals. 

Other suitable materials for screening are sheet metal (aluminium, 

3 * 

copper, galvanised iron), and metal-faced plywood; mesh 

“expanded metal” is satisfactory in lieu of G.I. wire mesh. 
Metallic paints are of no use for screening. 

The connection between the screen and earth must be rigidly and 
permanently secured along its whole length, and protected from 
mechanical damage and corrosion. The earth electrode may be 
an earth-plate or a spike, though it is rarely that a sufficiently 
good earth can be obtained in this way. Connection to a main 
water-pipe is preferable, where convenient. 

Full details of construction of screened cubicles and rooms, and 
a list of suppliers of materials and complete cubicles are contained 
in a Post Office Engineering publication. Radio Interference, 
C.llOl. 

It is not sufficient merely to suppress radiation from the plant 
by screening. Interference with communications systems can also 
be caused by H.F. power being fed into the supply mains from the 
plant, and transmitted through the mains to other apparatus. This 
is prevented by placing electric filters in the supply mains, at the 
point where the supply enters the screened room or cubicle. It is 
essential that all mains supplies entering the cubicle be filtered, 
whether they are actually connected to the H.F. plant or not, or 
alternatively, and preferably, that all electric supplies within the 
cubicle or room be obtained from one common filtered source. 

Filter units recommended by the Post Office Engineering Depart¬ 
ment for single-phase and three-phase circuits are shown in Fig. 8-4. 
These are “all-wave” filters, designed for the suppression of inter¬ 
ference over the whole of the radio frequency range at present in 
use, i.e. up to at least 50 MC/S. 

The use, in the filters, of several values of capacitance in parallel, 
is necessary because of the inherent small self-inductance of 
any condenser. This self-inductance is larger the greater the 
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capacitance. Every condenser thus has a resonance-frequency, 
which in the case of the larger capacitance values may lie in the 
relatively low radio-frequency band. At its resonance-frequency, 
a condenser behaves like a series-resonant system, of low resistance. 
The impedance-variation with frequency is as shown in Fig. 1-23; 
at frequencies higher than the resonance-frequency the condenser 
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Fig. 8*4. Single-phase and 3-phase All-wave Mains Filters for Suppression 
of Mains-bome Interference from Power Oscillator. 


offers inductive reactance, i.e. it no longer possesses the essential 
character of a capacitance. The inductive reactance is greater 
the higher the frequency, and the condenser is useless as a shunt- 
element of low impedance at frequencies much higher than the 
resonance-frequency. 

The inductance of a suppression condenser lies usuaHy between 
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•01 and I'O /tH, and resonance-frequencies commonly lie within 
the frequency band 100 KC/S to 10 MC/S. The length and 
disposition of the condenser leads accoimt for a relatively large 
part of its inductance, and must be kept as short as possible. The 
complete filter-unit must be enclosed in a metal case, the case 
being earthed and preferably fixed on to the screened wall. 

Filters are rated in volts and amperes, corresponding to the 
supply voltage and the total current required by all the apparatus 
to be connected to the filtered source. The series inductances 
must be capable of carrying this total current; the condensers 
must comply with the specification laid down in B.S.S. No. 613. 
For most purposes, and for all supplies up to 500 v A.C., a 
test-voltage of 1500 A.C. between condenser-terminals is sufficient; 
the same test-voltage must be withstood between either terminal 
and the metal case of the condenser, where applicable. 

The series-inductances are air-cored, and wound with insulated 
copper wire or strip. Every inductor has self-capacitance, and 
consequently a resonance-frequency. The inductor, therefore, 
behaves like the parallel inductance-capacitance system of 
Fig. 1 -25, which offers a falling capacitive-reactance at frequencies 
higher than the resonance point. Any particular inductor is 
therefore suitable for only a limited frequency-range, and for com¬ 
plete filtering over a wide frequency-range (such as will be necessary 
with spark- and arc-oscillators), two or more inductors in series 
may be required, each suitable for a part of the whole range. 

Safety devices and precautions 

High-frequency industrial plant will require some or all of the 
following protective safety measures: 

Protection of persons from electric shock and H.F. burns. 

Protection of plant from damage consequent upon failure of 
components, cooling systems, and electric supplies. 

Protection of plant from overload. 

Protection of the thermionic valves from the premature 
application of H.T. supplies, and from too-rapid application of 
full filament-voltage from cold, in the case of tungsten filaments. 
The whole of the electrical plant should be enclosed within an 
earthed metal case if possible. Inspection panels should be fitted 
with electro-mechanical interlock-switches which make it impossible 
for other than authorised persons to energise the plant unless all 
panels are in place. The contempt for danger bred of familiarity 
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with high’voltage and high-frequency apparatus must be dis- 
coiuraged. An electric shock from the H.T. supply to a high-power 
valve-oscillator will almost certainly prove fatal; the peculiar 
type of flesh-bum due to contact of the skin with metallic parts in a 
high-frequency circuit is most unpleasant and distressing, as the 
flesh will not usually heal again, and a grafting operation may be 
necessary. It is essential, therefore, to arrange that the work- 
inductor in eddy-current heating plant, and the work-electrodes 
in dielectric heating plant are screened from the operator when the 
plant is in use. The screen may also serve for interference- 
suppression. Work-coil or electrode voltages of the order of 
several thousands are the rule. Inductor currents of several 
hundreds of amperes are common, and where these currents are 
in the form of successive trains of damped oscillations (arc- and 
spark-oscillators) the electro-mechanical forces have a low-frequency 
component; mechanical resonance of the coil at this frequency 
must be avoided. A fractured coil may have serious consequences. 

Damage to the plant as a result of failure of components or 
electric supplies can be prevented by the adequate use of fuses, 
and a mains circuit-breaker fitted with magnetic or thermal overload 
and no-volt release mechanisms. 

Protection against damage consequent upon failure of cooling 
systems is given by using electromagnetic interlock-switches 
energised from the fans-circuits, where fans are used, and water- 
flow switches placed in the cooling-water outlet pipe or pipes. 
These flow-switches open if the rate of flow of cooling-water falls 
below a predetermined value. Several kinds of flow-switches are 
available. It is worth noting that an apparent failure of the 
electric supply can actually be due to a reduction in the mains 
water pressure and resultant decreased flow; pilot lamps should be 
used in conjunction with the principal interlocks. 

To prevent damage to mercury-vapour rectifier valves, a time- 
delay switch must be fitted, so that the H.T. supply cannot be 
switched on until the filaments of the valves have b^n energised 
for a certain time—seconds or minutes, depending upon the kind 
of rectifying valve. 

Precaudons to observe when using high-power valves 

In valve-oscillator plant, additional high-speed overload protec¬ 
tion must be incorporated, because of the low thermal-overload 
capacity of the plate and grid of the valve. To this end a relay is 
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connected in the plate>supply circuit of the oscillator valve (usually 
in the negative H.T. return lead) to remove the plate-voltage if 
the specified full-load plate-current is exceeded. The relay should 
have a total operating time of about 1/lOth second, and certainly 
less than l/5th second. It is, of course, a D.C. relay, and its 
winding carries the “average plate-current” /dc- A similar relay 
is sometimes placed in the grid circuit (between grid-resistor and 
filament) to disconnect the power-supply if excessive grid-current 
flows. A circuit arrangement is shown in Fig. 8-5, which provides 
automatic protection against excessive grid drive voltage consequent 
upon the removal of load from an oscillator (see also Chapter 5). 



Fig. 8-5. Diode-limiter for Protection against Excessive 
Grid-current. 


The diode is biased so that it passes no current unless the drive 
voltage exceeds a predetermined value; above this value, the diode 
load damps the drive circuit and minimises the increase in grid- 
current. The relay operates and interrupts the H.T. supply if 
the diode current exceeds a certain amount. 

The necessity for using water-flow relays in conjunction with 
water-cooled valves has been stressed. In addition, an outlet- 
water thermometer and a water flow-meter are desirable; a 
combined interlock and flow-meter may be used. Outlet water 
temperature should not exceed 70° C, and under no circumstances 
should the water be allowed to boil. The flow must be sufficient 
to prevent the formation of steam-bubbles on the surface of the 
plate. A “stethoscof)c” consisting of about 6 ft of high-grade 
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insulating tubing can be used to check this; one end is pressed 
against the jacket, at various points, while listening tests are made. 

Distilled water is to be preferred for cooling, to reduce the 
probability of scale formation, which would reduce the cooling 
action. The R.C.A. recommend that, in any case, water having a 
hardness greater than 10 grains per gallon, or a resistivity less 
than 4000 ohm-cms should not be used. A 10% hydrochloric 
acid solution can be used for scale-removal, the plate being well 
rinsed after treatment. 

The power dissipated at the plate can be checked from readings 
of inlet and outlet water temperatures (ti and C C respectively), 
and the water flow (G gallons per minute), using the expression 

.81 

It may be possible to de-gasify a valve in which the vacuum has 
been impaired by overload, by operating it at half normal voltage 
for a period, the voltage then being raised in steps back to the 
normal value. At each step the valve should be operated long 
enough for stable conditions to be attained. 

The high-speed plate-current-overload relay referred to should 
be supplemented with a series resistor to protect the valve during 
the time required for the relay to act. The minimum value of this 
resistor which will give adequate protection with minimum power- 
loss, for various power-supply ratings is: 

Maximum power-output 

from rectifier; 16 40 100 250 640 1600 KW 

Series resistor (R.C.A. 

rating): 25 50 200 250 275 300 ohms 

A time-delay relay should also be used in the plate-circuit to 
prevent the application of plate-voltage before the filament has 
reached its normal operating temperature. The life of the tungsten 
filament can be extended by operating it at the lowest voltage 
consistent with sufficient emission. This can be determined by 
reducing the filament voltage, under normal operation on load, 
until a reduction in output is just detectable. The filament voltage 
must then be increased by the amount equivalent to the maximum 
expected supply-voltage variation, and then further increased by 
2 % to allow for minor variations in emission. Provision may be 
made, if desired, to reduce the voltage to about 80% of normal 
value during off-load periods. 
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Meters should be included to read filament voltage, plate supply- 
voltage Edcj average plate-current Idc, average grid-current /„ 
and tank circulating current It (see H.F. Measurements section). 
An anuneter reading H.F. grid-current (in the grid lead) is desirable 
during tests with a new design. 

T iming mechanisms 

Many applications of H.F. power require the use of a timing 
mechanism, so that power is supplied to the work-circuit for a 
predetermined time, controlled within close limits. Process 
times range from a fraction of a second to several minutes, though 
it is not usually required that a single timer should compass this 
range. Where an extended range is required, as in experimental 
work, the electronic timer is best; for restricted ranges, other 
than extremely short times (I/10th second or less), several simple 
systems are available. These include pendulum timers, motor- 
driven-cam timers, synchronous-clock timers, and dashpot timers, 
as used, for example, in the control of resistance-welding machines. 
Some of these are described in J. L. Miller’s book Modern 
Assembly Processes.O^) 

Timers in which the minimum controlled-time interval is greater 
than 1/lOth second are arranged to close a contactor for the 
required interval. This contactor controls the mains input power 
in the case of spark oscillators, the D.C. field or A.C. output in the 
case of H.F. alternators, and the plate-circuit supply transformer 
in the case of valve oscillators, though oscillator grid switching 
is sometimes used. 

An alternative method of control of the valve-oscillator is 
available when grid-controlled mercury-vapour rectifying valves 
are used for the H.T. D.C. supply. The grid-voltages can be 
arranged so that the valves are normally non-conducting, and no 
D.C. power is available; the valves are then allowed to conduct, 
by changing the grid-voltages suitably, while the timing circuit is 
energised, so that D.C. power is supplied to the oscillator for this 
period. If time intervals shorter than 1 sec are required, this is 
the most satisfactory form of control. It can be combined with 
the phase-shift voltage-control described on p. 252. 

A general purpose electronic timing circuit is shown in Fig. 8-6. 
The contactor is controlled by the mercury-vapour thyratron- 
valve, the grid-voltage of which is normally sufficiently negative, 
relative to the cathode, to prevent conduction through the valve. 
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The contactor coil is therefore normally not energised, and the 
contactor is open. The timing circuit CR drives the thyratron 
grid positive because of the charge in C, when relay S moves from 
position 1 to 2; the valve conducts and the contactor closes. 
C discharges through R, and the grid-voltage eventually resumes a 
negative value sufficient to suppress conduction. The contactor 
then opens again. An A.C. supply to the contactor coil and 
thyratron circuit is essential, as the negative grid-voltage cannot 
interrupt the valve current, but can only prevent it building up 
after its suppression during the negative half-cycle of anode- 
voltage. 



[Courtesy of B.T.-H. Co. Ltd. 

Fig. 8-6. Electronic Timer-circuit with Thyratron Valve. 


The time-interval for which the valve conducts and energises the 
contactor coil is, in this circuit, determined by the voltage to 
which C is initially charged; this voltage is selected by means of 
the potential-divider AB. 

Fig. 8'7 gives the circuit diagram of a simple and effective time- 
switch developed by the B.I.C.C. Company, and employed by them 
in dielectric heating. Two separate half-wave rectifiers are used, 
providing D.C. for the timer-circuit and the main contactor coil 
respectively. Switches 1, 2, and 4 are in the contactor-coil circuit. 
1 and 2 close when the cage surrounding the work is closed, thus 
initiating the heating process; 4 is normally closed, but opens 
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when overloading results in excessive current in coils x and y.* 
The closing of the work-cage also opens switch 3, and the condenser 
C becomes charged, its voltage rising until sufficiently high to cause 
the neon tube to strike. C then discharges very quickly through 
the relay coil Z, so causing contacts 5 to break and 6 to make, the 
contactor-coil circuit is broken, and the heating process stops. 
This condition is maintained, so long as the cage remains closed, 
by virtue of a small “hold-on” current in Z, supplied from No. 1 
rectifier circuit, through contacts 6. On opening the cage, switches 



[Courtesy of British Insulated Callenders Cables Ltd. 

Fig. 8-7. Electronic Timer-circuit, with Neon Tube. 

/, 2, and 6 open, 3 and 5 close, and the system is ready for the next 
operation. The process time is the time required by C to become 
charged to the striking-voltage of the neon tube, and is varied by 
means of the resistance R. 

Single-shot surface-hardening units often employ two timers, 
controlling heating and quenching times respectively. In such cases 
one may use two completely independent timers, usually arranged 
so that the quench commences at the end of the heating cycle. 
An alternative is a “double-timer” unit, which can be set to give 
any required heating and quenching times, with any desired degree 

• See Fig. 7 4. p. 231. 
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of overlap. It is sometimes helpful to be able to start quenching 
before switching off the heat. 

High frequency measurements 

Measurement of current. Of the three important quantities— 
current, voltage, and power—the easiest of measurement in H.F. 
circuits is current, and many industrial H.F. power installations 
are equipped with means of current measurement only. The 
fact that the power developed in the work-piece is proportional to 
the square of the current in the work-circuit is justification enough 
for the inclusion of at least an H.F. ammeter. 

Meters suitable for the measurement of high-frequency currents 
are the thermo-couple, hot-wire, and rectifier types. The latter 
includes metal-rectifier, crystal and thermionic-valve rectifier instru¬ 
ments. Small currents, of the order of a few amperes, are sometimes 
measured on a meter connected directly in the circuit; more often, 
either for convenience or because the current is large, a current- 
transformer is used, enabling the meter to be mounted on an 
instrument panel remote from the circuit. Iron-cored trans¬ 
formers are suitable for frequencies up to 20 KC/S; dust-cored 
or air-cored transformers are used for higher frequencies. 

The air-cored current-transformer has various forms. For 
measuring very large currents the primary conductor is sometimes 
threaded once through a toroidally wound secondary to which 
the low-current meter is connected.t^s) it can be shown that, if 
primary and secondary circuit resistances are negligible, the ratio 
of primary to secondary currents is proportional to the ratio of 
secondary to primary turns, and the calibration is nearly 
independent of frequency. A very common alternative form has 
a single-turn or multi-turn pick-up coil loosely coupled to the 
main circuit; a rectifier and high-resistance meter circuit then in 
eflfect measures the induced voltage across the pick-up coil This 
voltage is proportional to both primary-current and frequency, so 
that several calibration curves may be necessary. 

Five arrangements for measuring H.F. currents are shown in 
Fig. 8-8. 

In (a) the thermo-couple ammeter is connected directly in the 
line, while in (b) a thermal meter is connected to the toroidal 
secondary of a transformer, and in (c) the thermal meter is coupled 
to a loop in the line. If the meter is required merely as resonance 
indicator, or where its sensitivity is to be varied, the coupling 
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arrangement shown in (c) can be made adjustable, the meter loop 
being mounted so that it can be swung. 

(d) shows the usual full-wave bridge-circuit employing metal 
rectifiers. The standard meter-rectifier assemblies are for 1, 5, 
and 10 mA movements, and larger currents are read with the aid 
of a current-transformer. The upper frequency limit for accurate 


T T 



(e) 

Fig. 8-8. Methods of H.F. Current Measurement. 


readings with the standard units is about 100 KC/S, but satisfactory 
results can be obtained up to several megacyles/sec if “Westector” 
units are used in conjunction with a microammeter. 

The arrangement shown at (e) is used in the B.I.C.C. equipment 
illustrated in Fig. 74, and is particularly suitable for the high 
frequencies commonly used in dielectric heating, where the other 
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methods described are difficult to apply. The pick-up coil is 
screened, after the manner of a screened direction-finding loop, 
so as to eliminate stray pick-up and to make a robust construction. 
The rectifier unit is contained within an earthed metal screening 
box. The valve is a miniature thermionic diode such as the Mazda 
D1; the current rating of this valve is liberal, and it is not essential 
to use a microammeter in conjunction with it. A 5 mA movement 
is satisfactory. 

Measurement of voltage 

A simple voltmeter circuit for the measurement of peak voltages 
is given in Fig. 8-9 (a). Peak positive grid-voltage, peak grid- 
drive voltage, tank voltage, work-coil voltage, etc., are conveniently 
measured by this means. 

The electrostatic voltmeter (circuit (a)) must be suitable for the 
direct reading of the peak voltage; for example, to measure the 



peak voltage of an input of 5000 v RMS, i.e. 7070 volts, a 
7500-v or 10,000-v electrostatic meter would be required. The 
capacitance of C is not critical—about (XWS //F is sufficient; 
it must be large enough to make the rectifying-valve capacitance 
negligible by comparison, and it must be capable of withstanding 
the peak voltage indefinitely. Fig. 8-10 shows suitable types. 
The valve must be able to withstand an inverse voltage of twice 
the peak voltage; its filament battery or transformer must be 
carefully insulated for this voltage. The resistance R limits the 
initial charging current when connection is first made to the voltage- 
source ; its value is not critical, 10 to 50 Ki) is suitable. 

When a moving-coil instrument is used (circuit (b)), it should be 
of a high-sensitivity type, e.g. 10 mA for full-scale deflection. 
The resistance R is made large enough to limit the current through 
the valve to something less than that required for full-scale deflec¬ 
tion. The meter reading is proportional to the average value of 
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the alternating voltage being measured, but where the input wave¬ 
form is practically sinusoidal and of constant amplitude, the RMS 
and peak voltage values can be deduced from the average value. 
Provided that R is very large compared to the valve resistance. 


y 

very nearly, 

for this half-wave rectifier circuit. Then for sine-waveform, 

TISxVIFrmS 


/.v=-318/m«,=-318- 


R 


R 


i.e. 


1^RMS = 


Iavy.R 
'' 450 


volts, when I is in milliamperes 


8-2 



Fig. 8-10. High-voltage Condensers. 


and F^ 21^rms 

= volts (/ in mA) .... 8-3 

j I O 

Whence, using a 1-mA meter, the resistance R should be at least 
318,000 ohms per kilovolt of the peak voltage to be measured. The 
power required to be dissipated in this resistance is: 

D__l 

R 

watts .... 8-4 

i.e. about 1 watt per kilovolt of the peak voltage, using a 1-mA 
meter. 
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A third rectifier-voltmeter is shown in Fig. 8-9 (c). Provided 
that the product CR is large (at least equal to a period, in seconds, 
corresponding to 10 cycles of the voltage being measured), the 
voltage across C is steady and very nearly equal to Fmax, the peak 
voltage of the source. The series resistance R must then have a 
value of 1 megohm per kilovolt, for a 1-mA meter. The meter 
reading will be proportional to F^ax- For example, suppose a 
peak voltmeter is required, to read up to 10 KV peak, on frequencies 
from 100 KC/S upwards; the moving-coil meter has a 1-mA 
movement. The series resistance required is 10 Mi3, and the 
minimum value of C is about -001 ^F, since C/?= 10x10-5 sec 
(C in /iF, R in Mi3). The power to be dissipated in R would be 

!~5- = 10 watts. 

A high-frequency voltmeter for the measurement of small 



voltages (e.g. of the order of 10 volts) is required for the determina¬ 
tion of Q values by the method described on p. 280. Fig. 8-11 gives 
the circuit diagram of a suitable valve-voltmeter, of the auto-bias 
type. This has a nearly linear scale, and can be calibrated on a 
50 cycles/sec supply. 

The component values shown are approximately correct for a 
0-10-V range, but it is a good plan to use a variable cathode- 
resistor which can then be set to the most suitable value as deter¬ 
mined by trial. 

If the meter is used for voltage measurements in circuits carrying 
D.C., it will usually be necessary to incorporate a series-condenser 
in the grid-lead. In that case, and wherever circuit conditions are 
such that there is no conductive path between grid and cathode, 
it is necessary to connect a resistor of 1 or 2 megohms between 
grid and the low potential end of the cathode-resistor. This does 
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not arise in connection with Q measurement by the method shown 
in Fig. 8-18. 

The new crystal-voltmeter, incorporating the “crystal valve” 
developed for radar, extends the field of easy voltage-measurement 
into the high radio-frequency range, e.g. to 50 MC/S. No auxiliary 
supplies are required, and a range from a few volts to kilovolts 
is covered by means of a set of capacitance voltage-dividers. 

Power measurement 

Accurate measurement of power at valve-oscillator frequencies 
is a matter of considerable difficulty. There is as yet no H.F. 
counterpart to the dynamometer-wattmeter which is used for D.C. 
and “low frequency” A.C. power-measurements; the dynamo¬ 
meter instrument is, however, perfectly satisfactory at present- 
day alternator frequencies, i.e. up to 15 KC/S or so. 

In repetition work, where the coupling between the work-piece 
and the inductor is constant, giving a constant coupled-resistance, 
it is only necessary to maintain constant inductor-current in order 
to generate the same power in each successive work-piece. The 
total energy supplied to a work-piece is: 

£'=/2/?cOoules.8-5 

where 7= inductor current, amperes. 

coupled resistance of work-piece, ohms, 
heating time, seconds. 

In many cases, therefore, it is not necessary to measure the power 
supplied to the work-piece; it is sufficient to measure the inductor 
current, and this is comparatively easy. If a satisfactory job can 
be repeated accurately with the aid of some indicator, such as a 
current indicator, precise measurements of load-power are not 
essential. 

Research and development work, on the other hand, demand 
that the power from the generator and in the load be known with 
some accuracy. 

The determination of maximum electrical power-output from an 
H.F. source can be made by measuring the current in a known 
resistance, the power developed being I^R watts. The power 
developed in an article comprising the normal load on an H.F. 
source can best be determined calorimetrically. It is possible 
that satisfactory electronic wattmeters will be developed in the 
near future. 
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A method has been described by J. D. Kraus and R. W. Teed 
for measuring the high-frequency power-input to a load directly 
on a single meter.(5’) Although developed as a diathermy “dose- 
meter”, the apparatus described is suitable for dielectric heating 
and eddy-current heating measurements, and for all frequencies 
up to at least 50 megacycles/sec. 

The underlying principle of the method is illustrated in Fig. 
8'12 (a) and (b). Diagram (a) shows a work-circuit for dielectric 
heating, with a voltmeter across it. This “voltmeter” is con¬ 
veniently a low-current thermo-couple or a rectifier type. At (b) 
is seen the equivalent circuit for (a); when there is no work between 
the electrodes, the no-load circuit-loss resistance is represented by 



Fig. 8-12. Principle of Kraus and Teed Wattmeter. 
(See reference 


Ri, while closing switch 5 introduces the resistance Rz representing 
the work. 

The voltage V will fall somewhat when the circuit is loaded 
because of the source impedance Z. It can be shown that the useful 
load-power is equal to: 



watts 


where 


y\ 


Vx 

Ri 


yz^ 


Vz 

RiRz 

w+m 


i.e. the load-power can be measured in terms of meter-reading Vz 
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and the difference between meter readings with and without a 

load. Kraus and Teed refer to the quantity -- as the 

“calibration number”. The meter, in the apparatus they describe, 
is provided with a variable shunt, so that its sensitivity can be 
varied; for large calibration numbers, the shunt is adjusted to 
make the meter more sensitive, and vice versa. The procedure is 
to tune the work-circuit without a load, and adjust the meter shunt 
to bring the pointer of the meter to the zero mark on the “calibrate” 
scale (Fig. 8-12); a load is then introduced, the circuit re-tuned, 
and the new reading noted on the upper (“calibrate”) scale. The 
meter shunt is now re-set so that its dial reading corresponds to 
this “calibration number”, and the new meter reading indicates 
the load-power on the lower (power) scale. The calibration of the 
instrument must be made with the aid of artificial loads in which 
the power developed can accurately be determined calorimetrically, 
or from current and resistance measurements, or photometrically. 

The “calibrate” scale can be marked with any convenient 
divisions, e.g. 0 to 50. The shunt-dial is then marked corre¬ 
spondingly, and the shunt resistance so adjusted that deflection to 
the zero of the “calibrate” scale is normally obtained, on no-load, 
with the shunt-dial set to about half-way, i.e. to 25 on a 0-50 scale. 
The power-scale is then determined experimentally as indicated. 
The calibration holds only for one frequency or a small range of 
frequencies. An overall accuracy within 10% is claimed for the 
instrument. 

Photometric power-measurement is useful for calibration 
purposes, and for determination of maximum power-output in 
cases where the frequency is so high that other methods become 
difficult. Incandescent lamps (with caps removed) are used as the 
load on the H.F. source under test, and the light-output from the 
lamps measured, preferably by means of a photo-cell and meter. 
The electrical power-input for a given light-output can be determined 
from a simple D.C. calibration, and a graph plotted relating photo¬ 
cell meter readings and “load” power. 

Strength and distribution of electric fields 

Methods of determining the strength and distribution of high- 
frequency electric fields can usefully be applied to dielectric heating, 
particularly in those cases where non-uniform heating is required. 
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Provided that the frequency is not so high as to result in non> 
uniform voltage distribution along the electrodes (i.e. provided 
that -^electrode length), the H.F. field distribution will be the 
same as that of a steady D.C. field or a low-frequency A.C. field. 
The distribution of these latter fields can be determined with 
precision by means of the electrolytic tank.C’^) The principle of this 
method is illustrated in Fig. 8-13, in which a set-up for plane parallel 
electrodes is indicated. 

The tank is of glass or other convenient insulating material, 
part-filled with slightly-conducting liquid, such as water from the 


V =» Moving-iron 
voltmeter, 

G =• O-SOjxA galvanometer^ 
used with instrument- 
type rectifier. 


Fig. 8-13. Plotting Electric Field Distribution by Means of the 
Electrolytic Tank. 

town mains. A scale model of the H.F. electrode system is placed 
in the liquid, and a small alternating voltage applied between the 
electrodes; the use of an A.C. supply eliminates polarisation 
difficulties. For any given position of the probe P, in the liquid 
between the electrodes, there will be a corresponding setting of the 
potentiometer slider S for which the current in the galvanometer is 
zero. The reading V of the voltmeter then gives the potential at 
the probe relative to that of the electrode to which the voltmeter 
is connected. The probe must be small, practically a needle¬ 
point, and of the same metal as the electrodes. It is convenient 
to link up the probe to a pencil through some form of pantograph, 
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so that the pencil can indicate on a drawing-board the position of the 
probe in the tank. The usual procedure is to set the potentiometer 
slider so as to make V, say, 1/10 of the total electrode-voltage E, 
and, by moving the probe, to determine sufficient points at this 
potential to enable an equipotential line to be drawn. The process 

2 

is then repeated for and so on, until a complete set of equi¬ 

potential lines is constructed. The lines representing the electric 
field are then drawn in so as to cut the equipotential lines at right 



Distance 

Fig. 8-14. Electric Field Distribution between Plane Parallel Plates. 

angles, since equipotentials and lines of force are necessarily 
orthogonal. Fig. 8*14 (a) shows the kind of diagram obtained for 
plane parallel electrodes. 

Fig. 8-14 (b) shows how the voltage and voltage-gradient 
(volts/cm, i.e. the field-strength), vary along the axis XY through the 
centre of the electrode system. It will be observed that the quantity 
actually measured in this method is potential, and that in order to 
determine the electric field-strength in a small region, at least two 
measurements must be made. 

An instrument for measuring directly the electric field-strength 
18 
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in strong high-frequency fields has been described by K. S. Lion,<s«> 
and is illustrated in Fig. 8-15. It makes use of the electrodeless 
luminous discharge which occurs in a low-pressure gas in a high- 
frequency electric field. A small spherical glass envelope, about 
2 cms diameter, and containing a neon-argon mixture at about 
0*1 mm mercury-column pressure, is used as a probe in the H.F. 
field being explored. The light-output from the discharge is 
proportional to the field-strength; a photo-electric cell, amplifier, 
and meter are used to measure the light-output, and the meter 




Fig. 8-15. Lion’s Electric Field-strength Meter. {See reference a*).) 

reading is a measure of the field-strength in the region of the 
“probe”. The light-output increases with frequency, so that 
calibration curves must be prepared for a number of frequencies 
covering the working range of the oscillator. Calibration is 
performed by inserting the probe between the plates of an air- 
condenser with known applied voltages. The plates should be 
large relative to their spacing, to minimise the difference between 
actual and calculated field-strength; this can then be taken as 
y 

being ^ volts/cm (k'savoltage between plates, </sspacing in cms). 
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Lion points out that in strong H.F. fields the discharge is not 
extinguished between half-cycles, provided that the oscillation- 
amplitude is not deeply modulated. Where the oscillator is 
operating from a “raw” A.C. supply, however, the discharge is 
extinguished at the end of each useful half-cycle of the mains- 
frequency. Special calibration will be required for such cases. 
Typical calibration curves are shown in Fig. 8’15 (b). In fields 
homogeneous through the volume of the probe, an error not 
exceeding 2% is claimed for measurements made with this instru¬ 
ment. In non-homogeneous fields the meter indicates the average 
value. 

Where only the distribution of the field is required to be known, 
this can be determined with a model of the electrode-system 
immersed in carbon tetrachloride containing silk fibres, a D.C. 
field being produced by applying a steady high voltage to the 
electrodes. Alternatively, using an H.F. source, benzene containing 
powdered carbon in suspension can be used. The silk fibres or 
carbon particles align themselves to the field-pattern, in the same 
way as iron-filings in a magnetic field. 

Measurement of frequency 

A knowledge of the approximate frequency is essential in any 
industrial application of H.F. power. It is desirable that the 
frequency be accurately known, and it is possible that future 
legislation governing the use of H.F. equipment will make it 
necessary to operate each piece of equipment at a precise frequency, 
or, more probably, within a narrow frequency band. Thoroughly 
screened plant of the self-oscillator type is certainly preferable for 
industrial work to the much more complicated master-oscillator 
and driven power-amplifier which is standard radio practice. 

Unless the frequency is required to be known very accurately 
indeed, an absorption-type frequency-meter of simple design is 
adequate for its measurement, and can be made to give values 
correct to within 1 %. It is capable of indicating the relative 
magnetic field-strength in the neighbourhood of its pick-up coil, 
and the presence and relative amplitude of the stronger harmonics. 

The essential feature of all absorption-type frequency-meters 
is the coil-condenser combination, tunable over the frequency 
range required. A range of plug-in coils makes even a very simple 
construction suitable for a wide band of frequencies (e.g. 01 
to 100 MC/S). 
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Fig. 8*16 shows four arrangements of the absorption frequency- 
meter. In each case the LC circuit is tuned to resonate with the 
field of the tank-coil or work-coil of the power-oscUIator. 
Resonance is indicated in (a) and (b) by the lighting of the flash¬ 
light lamp; as resonance is approached, the frequency-meter 
must be moved further away from the H.F. source, so that the 
indication is sharp, and, of course, to protect the lamp. 

In circuit (c) the resonance-indicator is a neon lamp (without 
series resistance). Circuit (d) incorporates a rectifier (crystal, 
Westector, or valve) and a moving-coil meter. The shunt is 



(C) (d) 

Fig. 8*16. Absorption-type Frequency-meters. 


switched in during preliminary searching for resonance, to protect 
the meter. 

In all of these arrangements the scale of the variable condenser 
is calibrated directly in frequency, or graphs are prepared giving 
dial reading-frequency relations for the various coils. If a linear 
scale is required, the tuning condenser must be of the “straight-line 
frequency” type. A convenient method of calibrating is to use a 
reaction-type wireless receiver, tuned in turn to each of several 
transmissions on known frequencies. At each frequency reaction 
is increased until the receiver just commences to oscillate, as 
indicated by a low-pitched growl in the ’phones. The frequency 
meter is now coupled loosely to the coil in the oscillating circuit. 
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and the meter tuning adjusted to the point where the receiver 
ceases to oscillate. This is repeated for each known transmission 
frequency, and a calibration curve can then be drawn. 

All the frequency-meter components, other than the coil, should 
be housed within a small metal box (aluminium or steel); the coil 
should plug into a socket mounted on a face of the box. A wireless 
receiver having its tuning dial calibrated in KC/S or metres is 
itself a sufficiently accurate frequency meter for some purposes. 
A characteristic signal is heard from the loud-speaker when the 
receiver is tuned to the H.F. generator frequency. It is necessary 
to check that the signal is due to the fundamental frequency of 
the generator, and not to a harmonic. 

Where small changes in frequency are to be measured accurately, 
as in the determination of tank-circuit Q values (p. 278), a hetero¬ 
dyne frequency-meter is preferable to the absorption-type, being 
capable of giving a much sharper indication of resonance. The 
meter contains a low-power variable-frequency oscillator, of high 
frequency-stability. 

A signal from this oscillator is combined with one picked up 
from the source under measurement, and a current having the 
difference-frequency of these two signals is produced and passed 
through headphones. The frequency of the local oscillator is 
varied until a zero-beat point is obtained between two sharply 
rising whistles. At the zero point, the local oscillator has the same 
frequency as the source being measured. 

A simple and convenient application of the principle is shown 
in Fig. 8*17. The local oscillator is built around the triode portion 
of a triode-hexode valve of the type commonly used as the frequency 
changer in superheterodyne radio receivers. The signal from the 
test-source is applied between control-grid and cathode of the 
hexode portion, and the plate-current of the hexode is further 
controlled by the local oscillator signal to the injector-grid, which is 
internally connected to the oscillator-grid. The hexode plate- 
current then contains, among many components, one at the 
difference-frequency of the two signals, and this is the only com¬ 
ponent which may be within the audio range. All H.F. components 
are filtered out by means of the H.F. choke and the condenser Cp. 
Audio frequency currents, when present, flow through the ’phones. 
A range of standard 4- or 6-pin plug-in coils can be used in the 
oscillator circuit, to cover a wide range of frequencies. A calibra¬ 
tion curve can be drawn for each coil from readings obtained with 
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the aid of a radio receiver. A characteristic noise will be heard in 
the speaker when the receiver is tuned to the frequency of the local 
oscillator; if a communications-type receiver is available, suitable 
for receiving C.W. morse, the receiver can be accurately tuned by 
the zero-beat method. A good slow-motion dial on the frequency- 
meter is essential. 

The measurement of Q 

The measurement of the Q value of tank- and work-circuits 
enables one to determine the operating conditions of the power- 
oscillator, and the coupling between inductor (work-coil) and work. 



Fig. 8-17. Triode-hexode Heterodyne Frequency-meter. 


It leads directly to the determination of coupled resistance and 
hence of load-power, power-losses, and electrical efficiency of 
the work-circuit. 

The equipment required for measuring Q comprises: 

Variable-frequency test oscillator, preferably with available 
power-output of the order of 50 watts. 

Frequency-meter, preferably of the heterodyne type. 

Valve voltmeter, range 0-10 volts. 

During construction of an industrial power-oscillator, measure¬ 
ments can be made on the experimental tank-circuit itself; other¬ 
wise a “dummy” tank-circuit can be used, in which the tank-coil 
can be wound to give approximately the same inductance and 
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H.F, resistance as the tank-coil proper. The actual coil, or a 
replica, is preferable, however. The dummy tank-condenser can 
be any convenient low-loss air-dielectric variable type, calibrated, 
and set to the same capacitance value as that of the tank-condenser 
proper. Inductance and capacitance measurements can be carried 
out on any suitable bridge, e.g. the “General Radio” bridge, 
type 650-A. 

Assuming, for simplicity, that the work-coil is a small coil in 
series with the main tank-coil, the procedure for determining the 
tank-circuit Q, unloaded and loaded, is as follows: 

The test-oscillator coupling-coil is very loosely coupled to the 
unloaded tank-coil, and the oscillator frequency set to the resonance 
frequency /„ of the tank, as indicated by maximum reading on the 
voltmeter across the tank-condenser (Fig. 818). The oscillator 
output is then adjusted to give a conveniently large reading, say, 
V volts, on this meter. The oscillator frequencies above and below 
fo at which the voltmeter reading falls to -TOTFare then determined. 
Writing Af for the difference between these two frequencies fi 
and fz (see Fig. 1 -27), we have 


_L _ 

~Arfz-h • 


8-6 


Alternatively, with the oscillator frequency constant at fo, the 
tank-circuit can be off-tuned by means of a calibrated condenser, 
and the change in capacitance, AC, between the two settings giving 
•707K noted. Then we have, approximately: 


^ AC 


8-7 


where C is the capacitance value at resonance. 

This procedure is repeated with the tank-circuit loaded; the 
resonance-frequency/,' will be somewhat higher than f, the effective 
inductance of the work-coil being reduced in the presence of the 
work, if this is non-magnetic.* 

Let the unloaded and loaded circuit Q values be Qi and Qz 
respectively. 

Then Q\— —.... 8-8 

and Qz= — 4 ^ [a>o'= 27 T/o'] .... 8-9 

oJo C/V2 


* Non-magnetic stainless steel (see Table I, Appendix) at room temperature has 
approximately the same resistivity as medium-carbon steel at hardening tem¬ 
perature, so that dummy loads of stainless steel may be used to represent the latter. 
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where Ri and Rz are the effective series resistance values in the two 
cases, and can be calculated. 

The power-loss in the tank- and work-coil circuit on no-load when 
used with the power-oscillator will then be: 

Pl=Ij 2 Ri watts.8-10 

It being the tank-ciurent in amperes. 

On load, the total power developed in the circuit is It^Ri watts, 
and the useful power in the work itself is: 

Pw—It^{R 2 —/Ji) watts .... 8'1I 

{Rz—Rd being the coupled-resistance of the work. 

The electrical efficiency of the circuit is: 

^ = X 100% .... 8-12 

Kz 

Provided that the change in circuit inductance due to the intro¬ 



duction of the work is small (i.e. a>o' differing only very slightly 
from tOo) the electrical efficiency is approximately 

X100%.813 

The relative proportions of the total loss which occur in tank- 
and work-coils respectively can similarly be determined from Q 
measurements taken with and without the work-coil short-circuited, 
without any load in the coil. 

When the test-circuit has a high Q value, as, for example, when it 
is not loaded, it will be found more convenient to determine the 
frequencies above and below fo at which the voltmeter reading 
falls to -447^ In this case we have (from Fig. 1 -27): 



814 
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4/* being the differenee between the upper and lower frequencies, 
llie circuit diagram of a suitable voltmeter is given in Fig. 8*11. 

It has been stated that the coupling between the test-oscillator 
and the circuit being examined must be very loose. This is 
necessary in order that the test-circuit shall have a negligible effect 
upon the oscillator. Only a very small amount of power will be 
required to be supplied to the test-circuit to develop, say, 10 volts 
across the tank-condenser, and the very loose coupling to give 
this should result in no detectable change in the reading of a 
thermal ammeter in series with the oscillator coupling-coil. 

An alternative method of measuring Q is based upon the definition 
of Q given in equation 1-54. 





Q of circuit under test 
zk i^oltmeter readin g 

ITiH 

provided that resistance of 

test circuit. 

Rjif = Thermal ammeter heater resis¬ 
tance ^ ohms. 

I ts. Ammeter reading, amperes. 


Tune to max. voltmeter reading 

Fig. 8*19. Alternative Method of Q Measurement. 


\^alve 

voltmeter 


-Lc_l_ 1-54 

“ Vs <OoCR . 

When a voltage Vs is injected into a series circuit resonant to the 
source frequency, there is developed across the coil a voltage 
QVs, and a similar voltage appears across the condenser. A 
convenient set-up is shown in Fig. 8*19; the injected voltage Vs is 
IRm, Rm being the heater resistance of the thermal ammeter 
reading I amperes. 

The procedure for measuring Q is therefore to ipject a known 
voltage into the resonant circuit and to measure that developed 
across one of the elements, L or C. In practice, the voltage across 
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a low-loss condenser is measured on a valve-voltmeter, and if the 
input voltage is carefully set to a particular value, the valve-voltmeter 
scale may be calibrated to read Q directly. 

“Q meters” are available which incorporate a calibrated 
oscillator, valve-voltmeter, and calibrated variable condenser. The 
Simmonds Q meter, for example, has an oscillator with a range 
from 60 KC/S to 50 MC/S in seven bands, the calibration being 
accurate within 2%. The valve-voltmeter range is from 01 to 
5 volts in 5 ranges; its Q scale is calibrated 0-110, and a switch 
gives additive ranges up to 500. The variable condenser has a 
maximum capacity of 650 /i/xF, and silvered mica low-loss con¬ 
densers can be switched in to give a total capacitance of 2600 miV ; 
with the aid of a vernier dial, capacitance values within this range 
can be adjusted to 01 /x/xF. 

A constant input of 10 millivolts to the circuit under test is 
provided from the volt-drop developed across a non-inductive 
resistance of0 04 ohm carrying 0-25 amp6re at the desired frequency. 
The resistance consists of a thin conducting film to which the H.F. 
current is fed radially, which results in a truly non-inductive 
element; in addition, the thin film is free from skin effects. 

Such a measuring instrument can also be used for the determina¬ 
tion of capacitance, power factor, and dielectric constant. It is 
therefore of great value for measurements in connection with 
dielectric heating as well as induction heating. 




CHAPTER 9 


Industrial Applications and Operating 

Problems 


Induction melting equipment 

Coreless induction melting furnaces range in size from 1 or 
2 lb weight of charge to 10 tons, with power ratings from 3 KW 
to 1200 KW. The power-source for a small furnace may be a 
spark-oscillator, valve-oscillator, or motor-alternator; the use of 
the latter is ruled out if the charge pieces are very small. The 
motor-alternator set is almost always used for the larger furnaces, 
say, 50 lb and over, the usual frequency-range being 500 to 3000 
cycles/sec. 

The chief electrical operating problems are power and power- 
factor control. It is usual for only one furnace to be supplied 
from either a spark- or valve-oscillator, and in such cases power 
control is effected by adjustment of the oscillator; there is no 
power-factor control problem in these self-oscillators. Where the 
power is supplied from an alternator, furnace power control can 
be obtained by means of an auto-transformer, or tappings on the 
furnace coil, in large furnaces; or in small furnaces by means of a 
tapped reactor, this being connected either in series with the 
furnace coil (“tank” reactor) or in the supply line to the parallel 
combination of furnace coil and condensers (“line” reactor). 
Tap-changing, which is carried out off-load, may be accomplished 
by using contactors or manually operated switches. It is not usual 
to supply more than one large furnace at once from the same 
alternator, and consequently furnace power is controlled from 
alternator excitation, but even so, furnace-coil taps are an advantage 
as they make it possible to use the full alternator power rating 
throu^out the melt. A furnace with coil-taps may yield up to 
25 % more output than one without taps. Power-factor control is 
achieved by condenser switching, at reduced voltage, either manually 
with reference to an indicating power-factor meter or KVAR meter, 
or automatically through a KVAR relay. About 40 % of the whole 
condenser bank is arranged for switching. 

283 
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The furnace coil is supplied either through rigid bus-bars or 
through flexible cables. The latter avoid the need for some form 
of knife or mercury-pool contact, as the cables can flex when the 
furnace is tilted for pouring. Flexible cables may be water-cooled 
within rubber hose-pipes. It is usual to incorporate interlock- 
switches to prevent tilting' with the furnace energised. 

The Durville method of precision casting is sometimes used with 
small induction furnaces. The mould is clamped in position over 
the furnace, and the melt then takes place in a very limited amoimt 
of air. When the charge is molten and ready for pouring, the H.F. 
power is switched off, and the furnace is inverted. Sufficient time 
is allowed for the cast to solidify, and then the normal furnace 
position is resumed and the mould removed. 

The choice of frequency for melting depends firstly upon the 
size of the pieces constituting the solid charge; the frequency 

must be high enough to give a satisfactory ^ value (say ^ not less 

than 4) where </= smallest dimension of piece.* Secondly, the 
stirring effect is greater the lower the frequency, being proportional 
to the square of the coil ampire-tums. The stirring must not be 
too violent, and a frequency 500 or 1000 cycles/sec is usual for 
large furnaces, 3000 cycles/sec for smaller foundry furnaces, and 
10 KC/S or above for laboratory furnaces. 

In certain cases, for example, decarburisation and refining free 
of sulphur and phosphorus, it is an advantage to be able to control 
the stirring action and the power-input independently. A solution 
to this problem has been provided by the Swedish ASEA “double 
frequency” furnace in which the furnace coil is supplied with poly¬ 
phase low-frequency stirring current superimposed on the single¬ 
phase high-frequency heating current (see also British Patents 
Nos. 423326, 433339, 444000, 508255). 

The clay-graphite crucible referred to later in connection with 
non-ferrous foundry work is occasionally employed, in conjunction 
with a lift-coil type of furnace, for steel melting up to 2(X)-lb capacity, 
as this kind of crucible is strong enough to be carried, with its 
molten charge, to the moulds. The tilting furnace is, however, 
employed for practically all steel melting, pouring directly into the 
moulds or alternatively into a ladle. Steel melting furnaces have 
also been built which can be lifted bodily, complete with their 

* This is not an essential condition for clean small charge pieces which pack well, 
such as nickel shot, which can be melted down at quite low frequencies, e.g. 
1000 cycks/sec. 
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water connections, but without electrical connections, and trans* 
ported by overhead crane. 

Crucibles and built-up linings may be acid, neutral, or basic 
according to metallurgical requirements. The most conunon 
applications of the “coreless” induction furnace are steel re-melting 
and alloying, for which an acid material such as quartzite, or an 
“acid-neutral” material such as sillimanite, is used. High 
manganese alloys require a basic lining such as magnesite or 
dolomite, as also do such operations as the removal of carbon, 
phosphorus, and sulphur. 

The refractory crucible or lining should have low thermal 
expansion, at least over the normal working temperature range; 
this range can be restricted by continuous operation of the furnace. 
The surface in contact with the charge becomes sintered and the 
depth of the sintered layer increases steadily in use. The large 
thermal gradient between charge and coil exists mainly across the 
unsintered layer, which has the lower thermal conductivity, so 
long as this layer is not too thin. Ultimately, however, excessive 
thermal gradients exist across the sintered layer, which cracks up. 

To achieve long life, the wall should be repaired by ranunlng new 
lining material against the sintered layer at regular intervals, e.g. 
after 15-20 melts. It is possible, with such treatment, to obtain 
some 200 melts from an acid lining such as quartzite. Basic 
linings have larger thermal expansion (and at temperatures of the 
order of 1700° C, violent shrinkage), and consequently have shorter 
life.* 

The remarkable change in electrical resistivity of refractory 
materials with temperature can be used to provide a continuous 
and accurate indication of the state of the lining of a melting 
furnace. Measurements made on a number of materials by K. G. 
Quicke and the author showed that the resistivity could be repre¬ 
sented with fair accuracy by the expression: 

Pg=K6-'' ohm-cms.9*1 

n being in the region of 6 or 7. Thus at 1000° C resistivity falls, 
taking «=6, to one-millionth of its value at 100° C. Thermal 
conductivity, however, does not increase greatly with increasing 
temperature (below the sintering temperature), so that a nearly 

* A detailed treatment of the metallurgy of the induction melting furnace, and 
of the forming and repairing of linings, is given in A. O. Robiette’s book. Electric 
Melting Practlce-Of') See also British Patents Nos. 303574, 310458, 347986,422984, 
521048. 
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uniform temperature-gradient exists through the lining. Assuming 
a linear gradient from 1500° C to 100° C through a lining / cms 
thick, and taking /tss6, the resistance of the lining, between hot 
and cold faces, is: 


where 


R=j^6x-”.dx ohms 

O 

e^= (ioo-i-^i 40 o) °c, 

a=wetted area of lining, cm^, 
p. Kt 

7000a X 1005 


or about l/70th of the “cold” resistance of the lining (i.e. resistance 
at 100° C). 

As the lining becomes progressively more eroded and the sintered 
layer moves outwards towards the furnace coil, the gradient 
increases and the lining resistance falls still further. Thus any 
circuit arrangement for measuring the lining resistance can be used 
to indicate its state. One such arrangement uses the molten charge 
as one electrode and the coil as the other (see British Patent No. 
506665). Another method is to embed independent electrodes in 
the refractory; an advantage of this latter method is that it permits 
better electrical insulation to be used around the coil itself. It should 
be noted, however, that it is desirable to earth the molten charge, and 
it is therefore convenient to use the charge as one electrode in any 
case. From what has been said of lining resistivity at high tem¬ 
peratures, it will readily be understood that a sufficiently low- 
resistance connection to the molten charge can be obtained by 
burying an “earth mat” in the bottom of the lining, in the region 
which becomes sintered when the furnace is in use. 

It may be necessary to hold a molten charge at temperature for 
some time before pouring. The furnace power-input required to 
do this is, of course, that which supplies the losses but contributes 
no additional heat to the charge. The rate of heat conduction 
through the lining, and the radiation and stray heat losses, form 
the “fixed loss” from the full molten charge, and KW, say. 
The electrical loss (comprising coil, bus-bars, and capacitors losses) 
is directly proportional to the furnace load, i.e. Pcu’^ax KW, 
where x is the actual load, and a is the ratio of copper-loss to total 
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input at full load. Then the input power required to hold the 
molten charge is: 

KW .... 9*2 

For example, the fixed loss Pf in a 25(X)-lb stainless-steel furnace 
was 40 KW, and the electrical loss was 81 KW at the full-load 

input of 350 KW. Then a=|^=0-231. 


and holding power 


x/y=40-i--231jf// 


40 

“1--231 


=52 KW. 



Fig. 9-1. Field-strengths Outside Furnace Coil. 


The fixed loss and electrical losses are characteristics of the 
furnace and can be calculated from readings of alternator output 
KW, and furnace cooling-water temperature rise and rate of flow 
with and without power on, all with a full molten charge. 

The problem may arise in connection with melting furnaces of 
considerable power, but not of the type using lamination packets 
to confine the external field, of the minimum permissible distance 
from the coil to structural steel work. The external field-strength 
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at points relatively remote from the coil is given approximately from 


„ nDilT 

"*“"20?". 

9-3 


„ nD^IT 

^ 40x^ . 

. 9-4 

where 

D=coil diameter, centimetres. 

/=furnace coil-current, amperes. 
r= furnace coil turns. 




[Courtesy of Birlec Ltd. 

Fig. 9-2. Ajax 50 KW 3000 cycles/sec., 400-volt Lift Coil Melter; 200 lb. 

Brass Charge. 


X and z are distances, in centimetres, measured as shown in 
Fig. 9-1. Equations 9-3 and 9-4 are sufficiently accurate for 
typical melter coil proportions, provided that x or z is equal to or 
greater than coil-length L. 

The corresponding heating effect due to eddy currents in a thick 
metal plate to which this stray field is tangential is: 


Pss ~^y watts/cm2 . 


. . 9-5 


(see p. 173). 
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and should not usually exceed 1 if the structure is to run 
reasonably cool. 

Stray heating of structures more than 3D away from coil in the x 
direction, or 4D in the z direction, will not usually be severe, but 
depends, of course, upon the coil power-rating. So far as possible, 
structures should be arranged so that the larger surfaces are 
tangential rather than normal to the field. 

The melting furnace seen in Fig. 9-2 is rated at 50 KW, 400 volts, 
3000 cycles/sec. It is of the “lift-coil” type, i.e. the coil unit and 
furnace casing can be lifted bodily, leaving the crucible, containing 
a molten charge, free for pouring. A second crucible containing 



[Courtesy of Birlec Ltd. 

Fig. 9-3. Installation of Five Melting Units for Independent Simultaneous 
Operation from Common 500-v 10,000 cycles/sec Supply. 

a cold charge takes its place, and another melt commenced with a 
minimum of delay. This kind of furnace is widely used in American 
non-ferrous foundries, and will melt 200-lb brass charge in 50 mins, 
the charge being contained in a conducting (graphite) crucible. 

An installation consisting of a group of four 30-lb melters and 
one experimental station is seen in Fig. 9-3. The control cubicle 
for each furnace contains the line contactor, the correction 
capacitors, their contactors and selector switches, and meters 
reading furnace KW and reactive KVA. 

An interesting feature is that all furnaces may be operated 
simultaneously, with independent powsr-control of each. This is 
obtained by having a tapped reactor in each line circuit. The 
19 
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rotary selectors can be seen in the middle of the right-hand side 
of the cubicles; they have six positions, and side-contacts interlock 
with the line contactors to ensure off-load operation. This method 
of power control is simple and effective, provided that care is taken 
to avoid series resonance, i.e. the furnace capacitors must be 
selected to give zero or a slightly lagging reactive-KVA reading. 

The four 30-lb furnaces are for precision casting of high-tem¬ 
perature alloy steels, and are used in conjunction with moulds 
made by the disappearing-wax process. Flexible leads are used 
between the cubicles and the furnace-coils, and are water-cooled. 

• ■ ■ "I 



[Courtesy of Birlec Ltd. 

Fig. 9*4 (a). 200-lb Melting Furnace with Motor-operated Tilting Gear. 

Each furnace is rated at 17 KW, 500 volts, 10,000 cycles/sec. 
The 75-KW alternator supplying them is equipped with an automatic 
regulator which maintains constant voltage at all loads. 

Fig. 9*4 (a) shows a 200-lb 75-KW melting furnace built for high 
temperature resistance-alloys research. The tilting mechanism is 
motor-driven, and is based on the double-pivot principle. Initial 
tilting occurs about an axis through the front base-line of the 
furnace box, until the top pivots have moved forward into the over¬ 
hung bearings; tilting for pouring then occurs about the axis of 
the top pivots, which is arranged to pass through the spout. The 
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advantage of the double-pivot scheme is that it allows the mould 
or ladle to be placed in position before tilting the furnace. 

The Allis-Chalmers Manufacturing Company of Milwaukee has 
developed mercury-arc converter equipment for supplying induction 
melting furnaces. The “inverter” transforms 60 cycles/sec three- 
phase power to single-phase H.F. power at, e.g., 880 volts, 300 KW, 
800 to 1000 cycles/sec, with a basic circuit arrangement similar to 
that shown in Fig. 2-8. A conversion efficiency in excess of 90%, 



[Courtesy of Messrs. Allis-Chalmers Manufacturing Co. 


Fig. 9-4 (b). 2000-lb. Induction Melting Furnace for Inverter Operating prior 
to Installation. Side cover removed to show Electrical and Water Connections. 

even at only half-load, is claimed.* Melting furnaces from 750-lb 
capacity, and holding furnaces of 6000-lb capacity, have been built. 
The former will melt down alloy steels from a cold charge in about 
45 minutes; the latter, supplied with molten steel from large arc 
furnaces by means of bottom-pouring ladles, can, by means of the 
phase-shift grid-control regulator, hold the charge temperature 
constant within ±10° F over a prolonged continuous-pouring 
operation. (See Fig. 9-4 (b).) 

* See footnote, p. 292. 
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Since these converters are self-oscillators, the frequency varies 
somewhat according to the amount and condition of the charge, 
but no capacitor-switching is required. The mercury-arc converters 
and the capacitor bank are both water-cooled; S. R. Durand* 
states that it has been found desirable to preheat the converters 
for a few minutes, using low-voltage 60 cycles/sec power, before 
starting up, to ensure reliable operation. 

Throu^ heating 

The application of induction through heating of steel bars and 
billets for forging was referred to in Chapter 6, and three examples 
were quoted. This method of heating for forging is becoming 
very popular in Great Britain, particularly where full mechanisation 
is practicable, and several high-power plants are now in operation. 
Other applications of through heating are; 

Continuous hardening and tempering of bar stock. 

Hot cropping. 

Preheating for welding and during welding. 

Heating after welding, for stress relief (400 to 650° Q, or for 
normalising of weld material (e.g. 950° Q. 

Heating of aluminium alloy and brass billets for hot pressing 
(e.g. at 450-500° C and 650° C respectively). 

Heating of steel or non-ferrous rings, e.g. gears for shrink- 
fitting on to wheels or bosses. (This operation often proves to 
be an excellent application for mains-frequency induction¬ 
heating, using an iron-cored transformer in which the ring forms 
the single-turn secondary circuit.) 

The high heating speed possible with induction-heating is an 
important advantage of the method. This, together with the 
relatively small size of the furnace, and the remarkably cool and 
clean working conditions, result in a very different shop layout from 
that associated with conventional oil- or gas-hred soaking furnaces. 

Heating times 

The minimum heating time for a bar or billet is found approxi¬ 
mately by assuming the whole surface suddenly brought up to and 
held at the final temperature required, and calculating the time 
taken for the centre temperature to rise to within 25 or 50° C of 

• Sec “ Electronic Frequency Converters for Induction Melting", S. R. Durand, 
Iron Age. Sept. 25th, 1947, Vol. 60, No. 13. 
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this, according to the degree of uniformity desired. Obviously, 
while energy is being supplied there must be some temperature 
gradient, but this disappears rapidly after the billet is removed 
from the coil. The heating time depends upon the thermal con¬ 
ductivity, density and specific heat of the material, and is much 
shorter for aluminium and copper, for example, than for steel.* 
Using the method of calculation developed by E. D. Williams and 
L. H. Adams,('' 2 ) and assuming a ratio of temperature-difference 
(surface to centre) to temperature rise of -02, we obtain for round 
steel bars or billets: t=\5d^ secs, d being billet diameter in inches. 

However, with induction-heating the surface is not instan¬ 
taneously brought up to the final temperature; on the other hand, 
heat is generated in a layer of some thickness. It is found in 
practice that the minimum heating time for solid steel billets is 
approximately: / * 1 8 J 2 secs. 

Although small billets can actually be through-heated in some¬ 
what shorter times even than this, it is not always practicable to 
use such high rates, and under average conditions the time is: 

t=25d2 secs.9-6 

The corresponding average heating time for square-section solid 
steel billets is: 

/= 32 f >2 secs.9-7 

where b’ is the length of the side of the square. In a round section 
all points on the surface are equidistant from the centre; in a 
square the RMS value of the distance from the centre is 1-136. 
The heating time for the square is therefore 25 x ( 1 - 136 ) 2 = 3262 , 
The heating times given from equations 9-6 and 9-7 hold for bars 
or billets enclosed within a conventional helical coil. 

Power ratings for through heating for forging 
Fig. 9-5 shows the through-heating time for cylindrical and 
square steel billets, according to equations 9-6 and 9-7. 

Consider the round section, for which t=Kd^ secs, K being 25. 
The heat content at 1250° C per inch length is: 

ird^ 

Heat content=/fx-^ KW secs, 

where H^=heat content per cubic inch 

= 102 KW secs. 

* Heating time is inversely proportional to the thermal diffusivity a of the material; 
°°average values of a, talcing steel as unity, are: 
copper 10, aluminium 7, aluminium alloys 5, brass 3. 
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The average power-input to the billet over the duration of the 
heat is: 

jP= Average radiation 1 oss)kW per inch length. 

At 1250° C, free radiation from the surface would be approxi¬ 
mately 200 watts per square inch, and for typical conditions the 
average radiation loss may be taken as one-quarter of this figure. 



Fig. 9-5. Average Through-heating Times for Steel Billets, and corre¬ 
sponding KW per inch of Billet Length. 

Thus for the heating time given from equation 9-6, 

P=(^|-1- 05w)kW per inch length 

=(3‘2+-16d) KW per inch length. 

End-radiation loss is negligible for long billets, or a train of short 
billets passing through a coil. Assuming a coil efficiency of 80 % 
we get as an empirical rule: 

Coil power-input=^4KW per inch length . 9-8 
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This expr^ion is plotted in Fig. 9-5. It is an interesting 
point that coil power rating, for a given heating rate, is principally 
a function of heated length, and is influenced to only a minor 
degree by billet diameter, unless the diameter exceeds 3 inches 
or so. Through-heating induction furnaces for solid round sections, 
therefore, average 20 to 25 inches length per 100 KW of input power. 

Heating times and power ratings for thick-walled hollow steel 
cylinders lie between limits corresponding to (i) solid cylinder 

^j->oj, and (ii) plane slab ^^-^1^ 

Empirical expressions are 

t=m(do—di)2 seconds .... 9-9(a) 

/’coii=# + 3 ] P®*” length 9-9(b) 

For (i), m=2S, «=4; for (ii), /m=50, n = 2. do and di are outer 
and inner diameters, in inches. 

No thermal-conduction time is required for thin-walled cylinders 
(wall thickness 5 p); the heating rate for these is limited only by 
metallurgical considerations and available power. 

The overall efficiency obtainable, expressed in lb weight of steel 
heated to 1200-1250° C per Kilowatt-hour of mains input energy to 
the motor-alternator set is from 4-5 to 6-5 Ib/KW hour; 5-5 Ib/KW 
hour should be realised comfortably where it is practicable to use 
coils designed specifically for each billet size to be heated. 

The bulk of through-heating work is done with motor-alternator 
sets, within a frequency range of IfXX) to 10,000 cycles/sec. At the 
latter frequency, Y diameter bar is the smallest size (in steel) 
which can be heated economically. 

Recent British developments in heating for forging employ a 
“conveyor” type of coil, through which billets are carried con¬ 
tinuously on a moving refractory hearth. In one design, a rotary 
hearth is used in conjunction with an arcuate coil. The heating 
time per billet is slightly longer than the minimum obtainable with 
a simple helical coil, but there are great advantages in mechanical 
handling without the need for skids or guide-rails inside the coil. 
The “conveyor furnace” efficiency is about the same as that of the 
orthodox induction furnace (70 to 75 %, based on coil input power), 
because close coupling and good thermal insulation are possible. 
One such furnace, of the rotary type, rated at 250 KW, 2200 
cycles/sec, heated 3(X) billets per hour (2^’ square x 41' long) to 
1225° C, equivalent to 7-5 lb of steel heated per KW hour input 
to the coil, or 6*2 lb per KW hour from the 50 cycles/sec mains. 
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Lidiictioii^eatiBg for siotering and hot-pressing 
The heating of metallic powders by direct induction in the 
powder is not usually satisfactory, as it is difficult to obtain 
uniformity of temperature. In some metal-powder operations, 
however, the powder can be heated in a graphite mould machined 
to give to the powder, under compression, a shape and size con¬ 
forming closely to the required finish-dimensions. In such cases 
induction-heating of the mould is very attractive because of the 
cleanliness of the method, the ease with which the furnace can 



[Courtesy of Birlec Ltd , 

Fig. 9-6. Installation of Four Sintering Furnaces. 


be built into the press, so that heat and pressure can be applied 
simultaneously, and the precise control of temperature.* 

Fig. 9-6 shows an installation for the manufacture of tungsten- 
carbide die-rings. Four furnaces, each mounted on a bogie- 
truck, cater for mould sizes from 6“ to 24* diameter; the largest 
furnace, rated at 100 KW, 800 volts, 3000 cycles/sec, is seen in the 
working position within the hydraulic press. The structure in the 

• Sec, for example, British Patents Nos. 383387, S04803, 506728, 530995, 
530996, 532174. 
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foreground houses the furnace power-factor-correction capacitors. 

It is an interesting fact that the electrical characteristics of graphite 
change relatively little during heating from cold to 1500° C or so, 
so that the furnace load (at any given voltage) and the power 
factor remain almost constant. A practical consequence of this 
is that no capacitor contactors are required; it is sufficient to 
select the appropriate capacitance before switching on. 

The motor-alternator and its auxiliary equipment is in a sub¬ 
station behind the press. The control panel is built into the wall 
of this sub-station. A hand-operated isolator is used, not a line 
contactor, and this is interlocked with the field-switch so that the 
field-circuit is opened first and closed last. A second interlock 
prevents the field contactor from closing unless the hand-controlled 
field-regulator is in the position corresponding to minimum 
voltage. Meters on the control panel indicate alternator voltage 
and current, field current, and furnace KW and KVAR. A con¬ 
tinuous temperature recorder can be seen to the left of the control 
panel. 

Cooling-water is fed to the centre of the furnace coil and is 
discharged at the ends, whence it is led to two bucket-type water- 
flow relays mounted in a sump to the right of the control panel. 
These relays are arranged to open the alternator field-circuit in 
the event of a reduction in water-flow below a predetermined 
minimum. 

Surface hardening 

The great majority of applications call for a hardened layer 
depth of -01 * to -r (-25 to 2-5 mm). The lowest frequency with 
which a 2-5-mm layer can be realised is about 10,000 cycles/sec, 
while a •25-mm layer requires a frequency of at least one million 
cycles/sec. At the present time, most induction surface-hardening 
applications employ frequencies from about 300 KC/S to 1500 KC/S, 
and there is a tendency towards the use of higher frequencies. 
Publicity has been given to the possibility of using extremely 
high frequencies (of the order of 20 MC/S) to heat rapidly a skin 
so thin that it may be “self-quenched” by conduction to the cool 
interior of the steel, so producing a quench-hardened skin without 
the use of a water spray or other externally applied quenching 
medium.t’^) 

400 KC/S is a useful and typical frequency, and the following 
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table shows the heating time and specific power for realising various 
case>depths at this frequency; 


!se depth. 

Heating time. 

Specific power 

inches 

seconds 

KWjsq. in 

•020 

•15 

36 

•030 

•40 

23 

•040 

•70 

17 

•050 

1-3 

13 

•080 

30 

9 

•100 

4-5 

6 


In most applications, using this frequency, the specific power 
required is from 10 to 20 KW per square inch. 

Plain carbon steels are usually employed when hardening is 
to be done by induction-heating, though alloy steels are sometimes 
used because of the special properties required in the unhardened 
core. The carbon content should be not less than -35%, nor 
greater than -60 % if core ductility is important.^’^) 

A list of suitable steels is given telow. B.S.S. 970, 1942. 


EN8 

•40 C 

Normalised 

EN9 

•55 C 

Normalised or cold-drawn 

ENIO 

•55 C 

Oil-hardened and tempered 

ENll 

•60 C, -5 Cr 

J* it 

EN12 

•40 C 

As EN8, but O.-H. and T. 

EN15 

•40 C, 1-1-3 Mn 

O.-H. and T. 

EN16 

•25-40 C, Mn, Mo 

O.-H. and T. 

EN18 

•35-45 C, l OCr, -6-1-2 Mn 


EN19 

•35-45 C, 1-0 Cr, Mo, -5- 

8 Mn. 


The previous heat treatment of the steel is important. Because 
of the very short heating times for surface hardening there is little 
diffusion, and it is necessary to start with a homogeneous fine-grain 
structure (sorbitic), such as is obtained by previous hardening 
and tempering.* 

Normalised or (worse) annealed structures are undesirable for 
surface hardening. The pearlite hardens, but the ferrite persists, 
and the resultant duplex structure has low hardness. It is because 
of this that parts which are to be copper-brazed prior to surface¬ 
hardening should be made from a relatively high-carbon steel, 

* See also “Influence of Rate of Heating of Steel on the Pearlite-Austenite Trans¬ 
formation, with particular reference to Surface-Hardening”—Eilender and Mintrop, 
SuM Had EUen, Feb. 26th, 1948, Vol. 68, p. 83. 
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such as EN9, in which the proportion of ferrite to pearlite will be 
low enough to permit appreciable diffusion of the ferrite during the 
short heating time of the hardening operation. 

To illustrate the importance of the previous heat-treatment, the 
following example is quoted, showing the hardness figures realised 
on specimens of -48 C -41 Mn steel previously heat-treated in 
three ways: 

Surface hardness (yPN/iO) 


Previous heat-treatment 

•030' case 

•060' case 

Hardened and tempered (Sorbitic) 

757 

823 

Normalised at 850° C 

(Fine pearlite, plus ferrite) 

550 

780 

Annealed at 850° C and furnace-cooled 

(Coarse pearlite and ferrite) 

530 

622 


The -030" case corresponds to a shorter, and the -060' case to a 
longer heating time. It is clear that it is desirable to start with a 
hardened and tempered part, although this will mean higher initial 
and machining costs. 

If medium carbon steel bar is used for components which are 
to be surface hardened, the bar size must be large enough to require 
the removal of its surface layer for a depth of not less than 
•015'--030' in the regions to be hardened. This is because of the 
surface decarburisation which occurs during manufacture of the bar. 

The hardness obtainable is about the same as for a carburised 
surface, but the wear resistance is somewhat lower. There is not 
enough data yet concerning shock resistance and fatigue resistance*; 
tempering at 150 to 180° C improves shock resistance. 

The chief advantages of induction surface hardening are speed 
and cleanliness, low power-costs, absence of scale, and minimised 
distortion, enabling finish-machining prior to hardening. The method 
is applicable mainly to regular shapes and small components, though 
long parts of regular section can be hardened by the continuous 
progressive method. 

Induction-heating of carburised parts 

A combination of carburising and induction hardening processes 
is often convenient, particularly where the shape or size of the 
component makes it difficult to avoid deep heating. The com¬ 
ponent is carburised to the required depth, and in the subsequent 

• Information on fatigue resistance will be found in an article by R. J. Brown, 
Sheet Metal Industries, Vol. 24, No. 240, April, 1947. See also reference 77 (b). 
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induction-heating process it does not matter that the heat-pattern 
extends beyond or deeper than the zone to be hardened. In this way 
large components can be surface hardened, using an H.F. source 
of comparatively low power rating. 

The advantages of induction-heating for final hardening of 
carburised parts are speed, cleanliness, consistent results without 
the need for skilled operators, and, in most cases, considerably 
less distortion than is obtained by quenching from a batch furnace. 
The localised heating inherent in the H.F. method often makes it 
unnecessary to copper-plate parts which are to be kept soft; the 
piece is carburised all over, but hardened only locally. 

The manufacture of gear-wheels could be simplified and 
cheapened if distortion did not occur during hardening, for then 
all machining could be carried out prior to this. The localised 
heating obtainable by induction methods is very attractive in this 
connection, but despite much publicity to the contrary, true surface 
heating suitable for direct-hardening steels cannot yet be realised 
for other than a very narrow range of gear sizes, if the whole gear 
is to be treated simultaneously.* 

The tooth contour and the correspondingly large surface demand 
high power-input at a high frequency. Only coarse-pitch teeth, in 
which a hardened skin of the order of -lO' to 125' depth is per¬ 
missible, can be treated in motor-generator equipments (10 KC/S 
maximum at present), and few industrial valve-generators have as 
yet been built with power ratings of more than 50 KW. “Tooth- 
by-tooth” hardening is only applicable to coarse teeth, and 
inevitably gives soft areas at regions of overlap. Until suitable 
generators become available, enabling direct-hardening steels to 
be used, a possible solution is to combine carburising with induction¬ 
heating for final hardening. In this way, although the teeth are 
heated right through, the skin is hardened only to the depth of the 
carbiuised layer, and the body of the gear, which remains relatively 
cool, does not distort severely. A carburised alloy-steel gear, 
8^' overall diameter, with 42 teeth \\" wide, was heated in this way 
in 25 secs (60 KW coil input power, falling to 40 KW at the 
change-point, 10 KC/S) and subsequently oil-quenched; the 
hardness was uniform over the whole tooth surface. 

* An induction method of obtaining contour-hardness in gears by preheating 
the teeth to 600® C or so has been described by R. J. Brown, Sheet Metal Industries^ 
March* 1947; also Automobile Engineer^ October, 1947, and British Provisional 
Patent No. 6204/46. 
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There is another possible method of “surface” hardening lelatively 
large gears, and this is briefly described in the next section. 

Surface hardening of through-heated parts by controlled quenching 

The process of induction surface hardening dealt with in the 
preceding paragraphs and in Chapter 6 depends upon the rapid 
generation of heat in a thin surface-skin. 

Paradoxically, a relatively thin hardened layer can be generated 
on the surface of a carbon steel article which has been through 
heated—or heated to a considerable depth—by using a suitable 
quenching technique. 

A hardened structure is produced in a carbon-steel only if the 
quenching rate is above a certain critical value. This critical rate 
can be reduced, e.g. by the addition of nickel, resulting in “deep 
hardening” steels. There are also special steels in which the 
critical quenching rate has been somewhat increased, and these 
are called “shallow-case” steels. 

If, then, quenching of a deeply-heated part can be controlled so as 
to produce a large thermal gradient only very near the surface of 
the part while the interior temperature falls (due to heat flow to 
the cooled surface) relatively slowly, only a superficial layer will 
harden. Induction-heating of the part, although obviously not 
essential, is an advantage because of the ease with which it can be 
combined with the quench system. It is emphasised, however, 
that the “surface” hardening obtained in this way is due to the 
precise control of quenching rate, and not to the use of induction¬ 
heating. 

Handling equipment and feed mechanisms 

The proper choice of handling equipment to be used in any 
application of induction-heating is of the greatest importance. 
The ideal mechanism is one which results in a steady load being 
continuously imposed upon the H.F. generator, a condition which 
it is possible to approach where mass-production is required. 
Otherwise, the KW rating of the generator must be greater than 
is strictly necessary, since the generator is idle or only lightly 
loaded when it might be doing useful work, and the peak power 
demand is correspondingly greater. 

Steady loading is impossible with a single work-coil operating 
at constant voltage (except for continuous progressive heating), 
since the power developed in the work varies considerably during 
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the heating cycle, and the useful power taken is zero during the 
intervals between unloading and reloading. Multiple work-coils 
with a staggered loading sequence result in an almost steady load, 
the amplitude of the power ripple depending upon the number of 
coils used. This is illustrated in Fig. 9'7, which shows the power¬ 
time curves for single and multiple coils heating steel bars for 
forging, the output of bars per hour being the same for the two 
arrangements. The same steady loading is, of course, obtained 
if, instead of several coils, a single coil is used to energise a 



Fig. 9’7. Power-time Curves for (a) Single Coil, (b) Six Coils, Sequence- 
loaded, with same output of pieces per hour in each case. 

secondary inductor having several work stations in it and loaded 
in sequence. 

A second great advantage of multiple work stations with sequence 
loading is that the overall power factor is much more nearly 
constant than is the power factor of any one coil. Consequently, 
the amount of power factor correction capacitance need not be 
altered during the heating process, and the total condenser KVA 
to be installed is reduced. Alternatively, the frequency swing in 
self-oscillator generators is greatly reduced. 

There is another factor which may necessitate the use of multiple 
coils. The required output of heated parts may be so great that it 




uO_ Industrial Applications and Operating Problems 303 

is impossible to heat them quickly enough in a single coil, even with 
unlimited available power. This is because of the time required 
for heat to be conducted inwards to the centre of the work from 
the heated surface layer. This time is, of course, determined by the 
dimensions of the work, the depth of the heated layer, and the 
degree of temperature uniformity aimed at. 

Continuous progressive heating of long bars, either for surface 
hardening or through heating, forms an ideal load, as conditions 
are quite steady and the full output of the generator can be main¬ 
tained continuously. This applies also to the steady progression 
of a train of work-pieces, slugs, billets, etc., through a coil. 

There are, however, many applications, particularly of surface 
hardening, where “single shot” heating must be used, and where, 
consequently, the load-power varies considerably during the heating 
cycle. There are two ways in which the resultant poor load- 
factor on the generator can be improved. The intervals between 
unloading and reloading can be made very short by using high¬ 
speed automatic handling gear; and, secondly, automatic adjustment 
of the work-coil power can be made during the heating-cycle. The 
latter requires high-speed operation if applied to surface hardening 
of small components, and a solution will perhaps be found in terms 
of automatic impedance-matching. The use of very high surface- 
power densities in surface hardening minimises power variations 
due to magnetic changes in steel parts. 

In general, induction heat-treatment involves handling of the 
components singly, or a few at a time, and short-time treatment, in 
contrast with the long-time batch treatment of older methods. 
The induction processes are thus more akin to machine-tool 
practice than to normal heat-treatment furnace practice. The 
heating and handling equipment usually occupies only a small 
floor space, and fits naturally into a flow-production line. 

Fig. 9-8 shows the automatic handling equipment for surface 
hardening steel shafts at the rate of 300 per hour. Two types of 
shafts are treated; in the one, the part to be hardened is a plain 
round portion diameter, and in the other, the treated part is 
splined, diameter over the splines. The treated length is about 
3i' in both cases, and the case depth is 030'. Interchangeable 
“concentrators” are used, one for each of the two types of shaft. 
The shafts are finish-machined before hardening, and only a small 
percentage require a subsequent straightening operation. 
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The driving motor, cam-shaft, oil pump, and water filter are 
housed in a fabricated steel base; the concentrator and electro¬ 
magnetic quench-water valve are located in a brass screening box 
above the mechanical gear. The magazine, to the right of this 
brass box in the photograph, is loaded by hand. Each shaft in 
turn is automatically taken from the magazine, fed progressively 
through the concentrator and its integral quench-spray, withdrawn 
again and discharged on to a roller conveyer. The H.F. power 
supply to the primary coil of the concentrator is switched on only 



[Courtesy of Messrs. Joseph Lucas Ltd. and Biriec Ltd. 
Fig. 9-8. Machine for Automatic Surface Hardening of Steel Shafts. 


during the forward travel, through the inductor, of the part to be 
hardened. The quench-spray is maintained during the return 
stroke, so that the shaft is practically cold when discharged. A 
20-KW, 400-KC/S valve-oscillator provides the H.F. power. This 
particular application of induction surface hardening showed 
remarkable saving compared to the lead-pot method, with three 
heat-treatments, which was formerly used, the initial cost of 
the equipment being recovered within a few months of 
installation. 
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Fig. 9*9 shows a machine for continuous progressive surface 
hardening of shafts up to 24* length. These are hollow, with an 
outside diameter of 13/16* and a bore of ^,*, and have a line of small 
radial holes along one side. A shaft is mounted between centres, 
one of them spring-loaded, and fed vertically downwards at a 
controlled rate through a single-turn inductor and integral water 



[Courtesy of Birlec Ltd. 

Fig. 9-9. Vertical Machine for Selective Surface Hardening 
of Long Shafts. 


quench-spray. At the end of the downward stroke, the drive is 
automatically disengaged and counterweights return the shaft 
quickly to the original position for unloading. H.F. power is 
switched on and off, to give the required hardened zones along the 
length of the shaft, by means of cams and limit-switches. The 
single-turn inductor is coupled to an 8-tum primary coil 
20 
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connected to a 20'KW valve-oscillator, the operating frequency 
being 375 KC/S. A hardened depth of •040'' is realised, with a 
feed-rate of -SVsec. 

An automatic machine for single-shot surface hardening, of 
automobile ignition cams is shown in Fig. 9-10. Cams are placed 
by hand on stainless-steel spindles arranged in a circle round an 



{Courtesy of Messrs. Joseph Lucas Ltd. and Birlec Ltd. 

Fig. 9" 10. Automatic Indexing Machine for Single-shot Surface 
Hardening of Cams. 

indexing table; this table and parts of its mechanism are of 
aluminium, anodised to prevent corrosion. 

Each cam, in turn, is elevated into the single-turn inductor of the 
word-head transformer. The heating time is 1-0 sec, and is 
followed by a quench-spray through holes drilled in the inductor; 
the cycle time is adjustable, but the normal production rate is 
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375 cams per hour. Several work-head transformers are inter¬ 
changeable to suit different types of cam. To ensure good electrical 
insulation under arduous working conditions the primary coil of 
each transformer is embedded in wax; the rating of each is approxi¬ 
mately 15 KW at 400 KC/S. A hardened layer depth of •040' is 
produced on cams having a surface area of about 6 cm^. 

Another handling mechanism supplied with power from a 



[Courtesy of Messrs. Joseph Lucas Ltd. and Birlec Ltd. 

Fig. 9-11. Unit for Local Annealing of Headlamp Body 
Pressings, Rear View. 

20-KW valve-oscillator is illustrated in Fig. 911. This shows 
a rear view, with guards removed, of a unit for local annealing 
of headlamp body pressings. There are two heating stations, 
and lamp-bodies are raised into the heating coils by means 
of compressed air rams, the two coils being loaded alternately. 
Unloading and reloading is taking place at one station while 
the other is heating. The coils are connected in series, and 
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are continuously energised. A view of the loading table is 
seen in Fig. 9-12. Each safety door opens automatically when a 
heated pressing descends from its coil; the pressing is removed, 
another put in its place, and the door is then closed by hand. 
The cycle time is determined by a motor-driven camshaft, in 
conjunction with a continuously variable gearbox. The cams 
control air-valves in the supply to the rams, but additional valves 
controlled by the doors, prevent the rams lifting while the doors 
are open. Pneumatic door locks make it impossible to close a 



[Courtesy of Messrs. Joseph Lucas Ltd. and Birlec Ltd. 
Fig. 912. Local Annealing Unit, Front View. 


door if, through some delay, it has not been closed early enough for 
the pressing to be held up in the coil for the correct length of time. 
Those parts of the metal structure which are in proximity to the 
coils are made from brass to minimise stray loss. The handling 
equipment is designed to anneal steel bodies at any desired rate 
from 150 to 450 per hour. 

Fig. 9*13 shows a simple form of handling equipment which is 
adaptable to a wide range of single-shot surface hardenmg and 
through hardening of small parts. The work inductor, of the 
“concentrator” type, is housed in a brass box mounted above a 
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steel cabinet which contains the heat and quench timers. The 
large top cover over the furnace is opened only when it is necessary 
to change concentrators; to load a work piece, a small lid fitted 
in the top cover is opened. The lever on the right-hand side of 
the brass box raises or lowers a stainless-steel spindle, on which the 
work piece is located. After heating, the work is quenched in 



\Courtesy of Birlec Ltd. 

Fig. 9‘13. General View of 5-KW Local Hardening Unit. 


position, the end of the heat-treatment cycle being indicated by 
lamp. 

A close-up of the inductor box is seen in Fig. 9*14. This also 
shows a sprocket, located on the work-spindle, ready to be lowered 
into the concentrator, the primary coil of which can be seen. 
The operation here is through hardening of the sprocket teeth, 
the two rings of teeth being heated simultaneously. Other 
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concentrators for use with this equipment treat small gears, 
spindles, and so on. The power supply is from a 5-KW valve- 
oscillator with a nominal frequency of 800 KC/S. 

A recently developed induction-heater for bolt heading* is shown 
in Figs. 915, 916, and 917. This machine is automatic, and 
discharges steel bars, heated at one end, to a heading press, at any 
selected rate from 400 to 1000 per hour. The magazine in the top 



[Courtesy of Biriec Ltd, 


Fig. 9-14. Close-up of Work-head of Small Hardening Unit. 

(Fig. 9-16) is loaded by hand with about a 30 minutes' supply of 
f' or Y diameter bars; the bars are fed to 6 loading mechanisms 
associated with a 6-coil heater unit (Fig. 9-17) and are heated for a 
selected length (e.g. equal to 3 or 4 diameters), and then discharged 
down the chute at uniform intervals. Adjustment is provided for 
various bar lengths and heated lengths. 

* See also British Patent No. 593323. 
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Electrically the 6 coils are in series across a 500-V10-KC/S supply, 
but each is independently water-cooled. The sight-drains can 
seen at the left-hand side of the front of the machine. The meter 
panel contains a supply voltmeter and ammeter, and sockets for 
plugging in a portable KVAR meter when making adjustments to 
the condenser bank to give unity overall power factor. The 
condensers are housed in the base of the machine, and the H.F, 
supply is through a lead-covered coaxial cable. The H.F. rating 
is 60 KW maximum; power control is by means of a tapped 
reactor, in the supply line, and also housed in the base. 



[Courtesy of Birlec Ltd. 

Fig. 9-15. Automatic Bar-heater for Bolt-heading. 

60 KW, 10 KC/S. 

A safety device is incorporated which protects the machine against 
possible damage in the event of a bar not being discharged properly, 
or of the magazine becoming empty. The ejection of a heated bar 
depends upon the presence of another bar to take its place, so that 
if the magazine were allowed to become empty, a heated bar would 
be fed into a coil a second time, and would certainly melt. To 
avoid this, a signal is sent to a timing unit each time a bar 
is due to be ejected. The bar, if properly ejected, momentarily 
closes a switch operated by a gate across the discharge chute, and 
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a second signal causes the timer to relax. Failure to open the gate 
allows the timer to switch off the H.F. supply. 

The handling mechanisms operate in sequence, resulting in an 
almost steady load on the H.F. alternator, the power ripple being 
only ±2 or 3 KW. The overall power factor of the coil unit 
similarly is practically constant (variation about ±5 KVA reactive), 
and is approximately ’22, requiring 315 KVA of correction con- 



[Courtesy of Birlec Ltd. 

Fig. 9*16. Bird’s-eye View of Bar-heater, showing Magazine 
partly loaded. 

densers. A maximum of about IS KW loss is required to be 
removed by the cooling-water, requiring a flow of about 1*5 
gallons per minute. Electrical design data on this heater will be 
found in Chapter 6, section “Through Heating". 

Radio frequency automatic soldering machine 
Soldering by means of radio frequency heating has many advan¬ 
tages for quantity production. In some cases simple equipment 
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is adequate for the purpose, but in others, in order to comply 
with specific requirements, machines built to very close limits of 
accuracy may be necessary. Fig. 9-18 shows a 3'5-KW radio 
frequency generator and continuous automatic soldering machine 
designed for sealing condensers of the wound-spool type into 
cylindrical brass bodies. 

The requirements in this instance called for close tolerance in 
the finished overall length, a specified gap between the top of the 
condenser spool and the cap, and the ability to use the one machine 
for each of a considerable number of different types and sizes of 
condensers. The final product had to be air-tight, and during the 
course of the process no overheating of the insulation in the con¬ 
denser was permissible. 



[Courtesy of Birlec Ltd. 

Fig. 917. 6-Coil Unit of 60-KW Bar-heater. 


To comply with these requirements, the machine shown in Fig 
9-18 was designed. A close-up of the unit with cover removed 
showing a condenser in the heating station, is reproduced in 
Fig. 9*19. The whole design follows machine tool practice; all 
the components being made to very small tolerances, and comprises 
a cast base to accommodate the driving gear, surmounted by a 
rotating head, divided for screening purposes into 6 compartments 
and containing pressure head, work seat, work-coil, and spring- 
loaded tongs in each compartment. Above this, under the top 
cover of the machine, are cam-operated plungers and forks which 
control the pressure heads. 

In order to make a satisfactory joint between the condenser 
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body and cap, a load of 30 lbs is maintained on the component 
throughout the operation by means of the pressure heads. Reduc¬ 
tion in this pressure causes an increase in the size of the gap round 
the body and excess solder can enter the condenser. Increase in 
pressure, on the other hand, may cause mechanical damage to 
the interior of the condenser. At the same time, the gap between 
pressure head and work seat must be adjustable to enable the 
machine to handle condensers of varying overall lengths. Provision 
is made, therefore, for such adjustment whilst the pressure exerted 
remains constant irrespective of this adjustment. 



[Courtesy of Messrs. Ferranti-fVild-Barfield Ltd. 


Fig. 9-18. H.F. Soldering Equipment for Brass Condenser-cans. 

The pressure head in each compartment is retracted upwards 
when in the loading and ejecting stations, the work seats also being 
raised in these positions to facilitate operation. During the 
remainder of the cycle, however, the condenser is held between 
these two, being supported by the spring-loaded tongs until the 
pressure is applied after loading, and after the pressure is released 
prior to ejection. The two fingers of the tongs are automatically 
opened to release the component immediately before the ejecting 
plunger comes into operation, and are closed again before the 
loading station is reached. 
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Each compartment in the revolving head has its own work-coil, 
each work-coil being carried on copper fingers which engage with 
contacts supplying the radio frequency power in the heating station 
only. These fingers, together with the work-coil and the con¬ 
denser, can be seen in Fig. 9-19. All work-coils, constructed of 
copper tubing, are water-cooled, the main feed being through a 
revolving coupling on the hollow central driving shaft, the discharge 
being through a similar coupling at the bottom of the shaft. The 
usual regulating valve and pressure switch are incorporated. 



[Courtesy of Messrs. Ferranti-Wild-Barfield Ltd. 


Fig. 9-19. Close-up of Work-head of Soldering Machine. 

Driving gear is situated in the cast base, a motor driving through 
a fixed ratio worm gearbox. The central shaft carrying the rotating 
head is driven by a Geneva roller and star movement, the shaft 
rotating 60“ at each step. Incorporated in the mechanism is a 
timing switch which starts the process timer controlling the period 
for which the radio frequency power is applied. Control of the 
heating time is, therefore, independent of speed of rotation, 
although interlocks are provided to prevent the application of the 
radio frequency power should the speed of the revolving head 
exceed that of the timer. The use of a timer provides more accurate 
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control over the heating cycle and enables variations on this to be 
carried out without alteration to the rate of feed and delivery of 
components to and from the machine. The rate of delivery of 
components can be varied separately from 5 to 17 parts per minute. 

Applications of dielectric heating 
The use of radio frequency heating in the plastics moulding 
industry has brought numerous advantages over the older methods, 

and specially designed genera¬ 
tors with built-in heating 
chambers have been developed 
for the purpose. These range 
from units capable of heating 
4 ozs of material per minute, 
and typical examples are shown 
in Figs. 9'20 and 9-21. Fig. 
9-20 shows an equipment rated 
at 750 watts output, for heating 
moulding materials for small 
mouldings, having a maximum 
capacity of about 12 ozs. The 
heating chamber is mounted 
on top of the cabinet, the lid 
of which carries one electrode, 
so that when it is opened, 
both electrodes are readily 
accessible for cleaning, whilst 
the clear space above the lower 
electrode makes it the more 
easy to load and unload. 

Control of power-input in 
this unit is achieved by variation 
of the spacing of the electrodes. The lower electrode is capable of 
movement vertically, and its height, and hence the spacing between the 
two electrodes, can be adjusted by the control lever at the front of 
the equipment, which moves over a calibrated scale. An increase in 
the spacing reduces the input, and as the rate of heating is proportional 
to the power-input, the time cycle for heating can be altered to suit 
requirements. This electrode control, together with the starting 
push-button and the process timer, are the only controls needed, 
and consequently the operation of the equipment is well suited for 



[Courtesy of Messrs, Ferranti- 
Wild-Barfitld Ltd, 

Fig. 9-20. 750-Watt Dielectric Heater. 
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the average moulding shop. Once the electrode spacing and pro¬ 
cess timer have been set for any particular charge, the operator 
need only load the unit, close the lid, and press the button. 

Larger sets are generally similar in design, but some are equipped 
with automatic input control to compensate for the change in 
characteristics of the moulding materials as they rise in temperature. 
Normally, there is a tendency for the power-input to the charge to 
increase as the temperature rises, and allowance must be made for 

this in the initial setting _ 

of the electrode spacing 
so that, as the charge 
heats, the input does not 
rise above the maximum 
permitted for the par¬ 
ticular generator. The 
starting input, therefore, 
must be somewhat lower 
than the maximum. With 
automatic control, the 
loading may be set 
initially to any figure not 
exceeding the maximum 
permissible and this in¬ 
put will be maintained 
automatically, irre¬ 
spective of changes in 
characteristics of the 
charge during heating. 

In certain cases, this 
feature reduces slightly 
the heating cycle, and 
where maximum out¬ 
put is desired, offers some advantages over manual control. 

Fig. 9-21 shows a 3-5-KW unit which takes electrodes up to 
24' square. Under normal conditions an output of 18 ozs per 
minute of preheated materials is given, but in some cases this 
figure is very considerably exceeded. The general operation of this 
equipment is similar to that already described, and the production 
output is capable of providing preheated material for mouldings 
of considerable size. 



[Courtesy of Messrs. Ferranti-Wild-Barfield Ltd. 
Fig. 9-21. 3-5 KW Dielectric Heater. 
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Units such as those described may serve two or more adjacent 
presses provided that they are engaged on mouldings requiring 
the same quantity of materials and that the overall moulding 
cycles can be kept in step. Furthermore, in order to render the 
operation of the preheating equipment as simple and automatic 
as possible, remote control facilities may be provided whereby the 
commencement of the heating cycle may be started automatically 
by one of the movements on the press. 

An interesting new dielectric-heating technique for thawing and 
heating frozen food uses a cavity magnetron to supply U.H.F. energy 
to a wave-guide in which the food is placed. The magnetron 
develops up to 5 KW of power at 1050 MC/S (i.e. A=28'5 cms, 
approximately) and heating times are extraordinarily rapid, being 
measiued in seconds.* The very high frequency was chosen so 
that the voltage could be greatly reduced and so eliminate arcing 
in the load. In the article referred to the authors quote experi¬ 
mental findings which suggest that the heating of foods at this 
frequency is analogous to induction rather than to dielectric heating. 

Radio frequency drying ovens 

The use of radio frequency power for dielectric heating for drying 
has brought about the design of continuous units of which Fig. 
9-22 shows an example. Textiles in various forms have been shown 
to be improved in qualities if advantage of the through heating by 
radio frequency is taken. Such method ensures that the material 
is heated to a uniform temperature for a uniform time, and the 
temperature gradient inevitable with other forms of heating is 
avoided. The conveyor equipment illustrated is similar in opera¬ 
tion to any low temperature oven or furnace, but the heating is 
achieved by means of electrodes inside the oven proper. The lower 
electrode is below the conveyer belt and the upper electrode is 
suspended on insulated carriers. The height between electrodes 
can be varied and also the alignment can be altered to suit a desired 
rate of heating, both adjustments being effected by the hand-wheel 
controls on top of the oven. For some purposes a different input 
to the work is required initially from that required towards the end 
of the heating cycle, and the ability to have a different electrode gap 
at one end of the oven offers advantages. 

*“UHF Heating of Frozen Foods,” P. W. Morse and H. E. Revercomb, 
Eiectronics, October, 1947. (See also Chap. 24, Radio Frequency Heating, Brown, 
Hoyler, and Bierwirth, Van Nostrand, 1947.) 
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The work to be heated may take many forms, but in whatever 
form it is found, it is passed through the heating chamber by being 
placed on the endless belt conveyer. Speed of travel is variable, 
and a speed indicator is mounted on the oven to enable any desired 
rate of travel to be set. 

The conveyor-belt tunnel-oven has also been applied to core¬ 
baking in foundries, the process time being thereby reduced from 
hours to minutes and a better product obtained.* 



Fig. 9-22. Continuous Conveyor Dielectric Heater for Drying Textiles. 

Ins talling and operating H.F. equipment 

Motor-alternator equipment. Sets of 100 KVA rating and 
upwards are normally laid down in a brick sub-station, with its 
own fans and filters for supplying clean cooling air to the machines. 
The ventilating system should be arranged to maintain slightly 
greater than atmospheric pressure in the sub-station; this is 
especially important in foundries and other places where the dust- 
content of the unfiltered air is high. Dust and moisture should 
be excluded from the sub-station during and after erection of 

* “Core Baking,” Automobile Engineer, August, 1948. 
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machines. Hot outlet air should be ducted away from the machines 
to prevent recirculation. 

There is a tendency towards the use of closed-circuit ventilation 
of H.F. motor-alternator sets, the cooling air being circulated 
through the machines and then through a fin-tube water-cooler, 
a system already in wide use for cooling large mains-frequency 
machines. Qosed-circuit hydrogen cooling of H.F. alternator 
sets is already in use to some extent in the U.S.A.; its principal 
advantage is the great reduction of windage losses, but the some¬ 
what better cooling properties of hydrogen (relative to those of air) 
permit an increase of up to 20% in rating for a given frame size. 
Windage losses usually form one-third to one-half of the total 
losses, and hydrogen cooling may reduce the windage loss to one- 
tenth of that for air. 

Sets up to 250 KW rating may comprise either separate motor 
and alternator, usually direct-coupled, or a single two-bearing 
machine with both rotors on a common shaft. Larger ratings are 
built as separate machines. The set is laid on concrete foundations 
several feet thick; if the subsoil is light, this supporting concrete 
should be built up from a concrete raft. Great care must obviously 
be taken in lining up machines to avoid excessive vibration. 

A routine inspection should be made periodically, say once a 
month, and the following items checked: 

(1) Foundation bolts and coupling bolts tightened. 

(2) Alternator air gap checked (special inspection plates are 
usually provided for this) with a set of long feeler gauges; 
eccentricity in excess of -OOS* should be regarded as serious. 

(3) Electrical insulation of motor and alternator windings 
from the frames of the machines. 

(4) Bearings and lubrication system. 

(5) Cleanliness of air filters. 

The frames of all electrical equipment should be efficiently 
earthed. 

Main and auxiliary H.F. circuit-breakers are normally erected 
in the sub-station, control circuits being run back from the various 
H.F. units supplied from the set. The series-condenser unit, in 
the alternator armature circuit, is also part of the sub-station 
equipment, but the load condensers are located as close as possible 
to the loads with which they are associated. 
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H.F. power is supplied to the various loads (melting furnaces, 
billet-heaters, etc.) either through lead-covered coaxial cable, or 
interleaved flat copper bars. Cable is obtainable in long lengths 
(e.g. 100 yards), and in most cases the only joints required are 
those at the sub-station and the load. There is no external field 
from a coaxial cable, which may therefore be run in close proximity 
to steel structures. Characteristics of typical cables are given in 
the following table: 


Lead-covered Coaxial Cables for Medium Frequencies * 


Cable 

No. 

Overall 
diam. in 
inches 

Frequency 

KC/S 

Current 

Rating 

Amperes 

Max. 

Working 

Voltage 

Approx. 
KWLoss 
per 100 
yds 

Reactance 
per 100 
yds, ohms 

% React¬ 
ance drop 
per 100 yds t 

Capacitance 
fiF per 100 
yds, inner 
to outer 
conductor 



1 


1000 

1*5 

•109 

11 


I.F. 1 

•818 

3 




•327 

3*3 

•0274 



iimjiiiii 


»> 

»» 

109 

9-8 




1 1 

180 1 


20 

•092 

1-7 


.. 2 

MO 





•lie 






150 

>* 

99 

•92 

IB 




1 1 

370 

mm 

3*5 

•075 

2-8 


5 



350 



•225 

7-9 

•0457 




260 

s 

99 

ns 

19-4 




BH 

— 


4-3 

•069 

3-6 


6 

2*202 





•207 

9-8 

•0475 





B 

»> 

•69 

22-8 


7 

n 

1 

190 

2000 

3*25 

•12 

1-2 

•0228 


mm 

3 

180 

99 

99 

•36 

3-25 


.. 10 

1*782 


390 

340 

B 

30 

99 

•075 

•225 

1-5 

3-8 

•0412 


* British Insulated Callender’s Cables Ltd. 

t Reactive voltage drop per 100 yards when carrying rated current, expressed as per 
cent of rated maximum working volts. If required, this drop may compensated by 
suitable adjustment of the alternator series-condenser capacitance. 

If flat bars are used,(fi^) they should be placed as close together 
as voltage considerations and their flexibility will allow. The 
inductive volt-drop may be estimated from 

V=I(t)Ll volts, 
where /=line current, amperes, 

Lsline inductance per foot, henrys, 

/ssline length, feet. 
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The inductance per foot run of twin flat bars arranged as shown 
in Fig. 9*23 (a) is a function of the ratio of bar-spacing to bai 
depth, and is plotted in Fig. 9-24. The bar-spacing, S, rather than 
the distance between bar centres, is taken because current and flux 
penetration-depths in copper are small at frequencies of 1000 
cycles/sec and higher. 

Interleaving three bars as shown in Fig. 9-23 (b) reduces the 
inductance to approximately one-half that obtained with the simple 
arrangement shown at (a), for the same spacing, S. Similarly, for 
N interleaved bars, alternate bars being of opposite polarity,, 

the inductance is reduced to of that of the twin bars of 

Fig. 9-23 (a). Interleaving also increases the permissible loading, 




(a.) (b) 

Shading indicates current distribution 

Fig. 9-23. Twin and Interleaved Flat Copper Bars. 

as better use is made of surfaces available for carrying current; 
this point is illustrated in the same figure. 

Permissible cnirrent-loading of flat bars must be determined in 
relation to the current penetration depth p, and hence to the 
frequency of the installation. Experience suggests that a dissipa¬ 
tion of *20 watt per square inch of bar surface is reasonable and 
gives a temperature rise of 30 to 40° C. Taking the resistivity of 
copper bar at 60° C as *8 microhm-inch, this dissipation corre¬ 
sponds to a current density of 1000>y ^ amperes per square 

inch (p in inches). That is, the bars may be loaded so that, 
assuming the current to be contained in a surface skin of depth p, 
the density in the skin does not exceed this value. The values of p 
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and current density for copper bars at 10, 3, and 1 KC/S are 
respectively ’028, *052, and -09 inch, and 3000, 2200, and 1670 
amperes per square inch; corresponding current loadings, per inch 
depth of bar, assuming both faces loaded (i.e. for inner interleaved 
bars) are 168, 230, and 300 amperes respectively. The current 
density for twin bars, in which only one face of each bar carries 
current, could be increased by about 40% for the same temperature 
rise. There is no electrical advantage in using bars thicker than 
for frequencies of 3 KC/S and higher. 



Fig. 9’24. Inductance Curve for Twin Flat Bars. 

Current practice is to use coaxial cable for runs with few or 
no T-joints, such as from alternator to distribution “board”, 
and from sub-station to individual work-heads; and to use flat 
bars, preferably interleaved, where many joints are to be made, 
as on the sub-station distribution “board”. This consists of a 
bus system feeding the various output-contactors to which the 
outgoing coaxials are brought. 

Interleaved flat bars are commonly used for the heavy-current 
connection between furnace-coil and condensers. The inductive 
reactance of this connection is made small by using thin deep bars. 
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closely spaced as shown in Fig. 9*23; the condenser voltage will 
exceed the fiimace-coil voltage by the amount of the reactive- 
voltage of this connection. 

Contactors are similar to those used for 50 cycles/sec circuits, 
but suitably de-rated; for example, at 10 KC/S the current loading 
is reduced to about one-third of that for 50 cycles/sec. A high 
speed break, strong blow-out coils, and large arc-shields are 
required; the amount of steel in the construction is a minimiun, 
and care is taken to keep inductive loops small. 

Contactors controlling power-factor-correction condensers are 
usually operated off-load, and consequently may be of lighter 
construction, without blow-out coils or arcing tips. To ensure 
off-load switching, the selector switches are interlocked with the 
H.F. supply contactor, or in some cases with the alternator field 
switch. 

Protection against damage due to overloads or short-circuits is pro¬ 
vided by using thermal or magnetic relays supplied from iron-cored 
current transformers. These transformers have a multi-turn primary 
winding, for line currents less than 100 amperes; for larger currents, 
a toroidal secondary is slipped over the cable or bus-bar. Iron- 
cored current transformers must never be energised with the 
secondary winding open; if the relay or meter in the secondary 
circuit is removed, the winding should be short-circuited. 

An insulated system is preferable to an earthed one, provided 
that sensitive earth-leakage detection equipment is used. Referring 
to Fig. 9-25, in which S represents the earthed metal structure of 
the furnace or heater, only a small H.F. fault-current will flow 
should a breakdown occur in the insulation between S, or the 
work piece or charge W, and the coil, because of the relatively 
high impedance of the choke Lch- At the same time, the breakdown 
will allow a 50 cycles/sec current to flow through and operate the 
relay R which is arranged so that it then opens the alternator field 
contactor 1 and the line contactor 3. Where required, as for 
example, in a melting furnace, a meter M can also be included in 
the 50 cycles/sec circuit to give a continuous indication of insulation 
resistance (see first section of this chapter). 

The limiting of H.F. fault-current to a low value is important to 
the safety of the operator as well as to the protection of the alternator 
and series-condenser. However low the earth resistance, the 
reactance of the earth-strip may be of the order of one or several 
ohms, and a heavy fault-current, such as could occur in an earthed 
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— 

system, would then rtusc the potential of the heater framework to 
a dangerous value. 

The heavy duty which would be imposed on the line contactor 3, 
if called upon to break full-load current in a high-power installation, 
can obviously be reduced or avoided by opening the field contactor 1 
first, but in homopolar machines the time-lag of the high-inductance 
field-circuit is a difficulty. A scheme developed in Germany* by 
G. W. Seulen, is to open the field contactor 1 and then close the 
alternator short-circuiting switch 2 before opening the line con¬ 
tactor 3. The short-circuit current of the machine without its 
series-condenser is not excessive. The switch 2 is opened after the 
field-current has fallen to zero. 


• 3 




Fig. 9-25. Alternator and Induction Furnace, Insulated System, with 
Earth-leakage Indicator and Relay. 


The equipment of a 75-KW 10,000-cycles/sec sub-station is 
illustrated in Fig. 9*26. The auto-transformer starter, arranged 
for remote push-button control, is seen against the far wall, and an 
automatic voltage-regulator of the thyratron type is mounted 
alongside the meter and control-cubicle. This cubicle faces out¬ 
wards so that operation and supervision of the set do not require 
entrance to the sub-station, which is normally locked. The motor- 
alternator set is a two-bearing machine running at 3000 r.p.m. 
The small size of the alternator series-condenser is remarkable, 
considering that its KVA rating is approximately that of the 
alternator itself. A lead-covered coaxial cable carries the H.F, 


• See German Patent No. 737192 (1943). 
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power to the load; the cable box in which this terminates is mounted 
near the series-condenser. 

It may sometimes be necessary to parallel two or more alternators, 
for example, to make use of existing machines to supply a load too 
large for a single machine, or because it is not practicable to build 
a single machine of sufficiently high rating. Inductor alternators 
for parallel operation should have identical voltage-regulation from 
no-load to full-load, and their driving motors should have similar 
characteristics. If series-condensers are used with the alternators, 



[Courtesy of Birlec Ltd. 


Fig. 9-26. 75-KW 10,000 cycles/sec Sub-station, with Two-bearing Motor 
Alternator Set, Auto-transformer Starter, Alternator Series-condenser, 
Thyratron Voltage-regulator, and Control Panel. 

these condensers must be regarded as part of the load-circuit 
rather than of the machines, as it is necessary to parallel the 
alternator-windingsy as shown in Fig, 9*27. Without the tie AB, 
the two alternators tend to run 180® out of phase, the output 
voltage falls to zero and a heavy circulating current flows round 
the closed circuit comprising the windings and the series- 
condensers. 

The procedure for parallelling is to bring up the speed of the 
unexcited incoming machine to approximate synchronism with 
the machine(s) already on the sub-station bus-bars, then to close the 
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tie AB, and finally the switch S2 (Fig. 9-27).* The incoming 
machine will pull into step and commence to supply its share of 
the power-component of load-current, but its excitation has then 
to be adjusted so that it also takes its share of the wattless com¬ 
ponent, i.e. so that there is ideally no circulating current. The 
correct excitation for two similar machines is that with which the 
machines supply equal currents to the load, the load-current then 
being equal to the sum of these two. J. H. Walker recommends 
that two similar machines operated in parallel should each be 
down-rated 10% to allow for losses due to residual circulating 
currents 

Attention was drawn (Chapter 3) to the fact that the open-circuit 
characteristic of an inductor 
alternator exhibits a maxi¬ 
mum; further increase in 
excitation beyond this point 
is accompanied by a reduc¬ 
tion in generated voltage. 

This alternator character¬ 
istic, and the changes in 
work-coil impedance which 
occur as a load is fed into 
the coil and as the electrical 
and magnetic properties of 
the load change during 
heating, give rise to interest- 
inginduction-heater starting 
problems. 

Consider first a heater having a full-load KW rating small 
compared to that of the alternator supplying it; e.g. one of several 
small billet-heaters supplied from a common alternator. In such 
a case the heater capacitor bank will be set to give approximately 
unity power factor under steady running conditions; the reactance 
of the capacitor bank is then approximately equal to that of the 
loaded coil. It will, however, be rather less than that of the empty 
coil, or of the coil with a cold (magnetic) charge. As a result, 
whether the heater is switched on with its coil empty, and the charge 
introduced subsequently, or else with the charge already in place, 
the initial power factor is less than unity, and leading. 

• Sec, for example, “Short-Circuit Characteristics and Load Performance of 
Inductor-Type Alternators.” A. Mandl, J.I.E.E., Vol. 94, Part II, No. 38, April 1947. 



Fig. 9 27. H.F. Alternators in Parallel. 
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Case (/); Coil already loaded with cold magnetic charge 

The initial KW loading will be higher than (even double) the 
running KW, and the P.F. will be leading. As the charge heats 
up, the power and the leading KVAR will fall. Load and power 
factor will be substantially constant once the magnetic change- 
point has been passed uuthe outer skin of the charge. 

Case (ii): Coil initially empty: charge introduced after switching on 

The most common case of this kind is that of a continuous 
progressive heater, such as one in which billets are passing steadily 
through the coil, and eventually several, in different stages of 
heating, are in the coil at once. The initial KW loading will be 
low, being the coil, bus-bars and condensers losses—^roughly one- 
fifth of the normal full-load KW. The P.F. will be low and leading. 
As billets move into the coil, the leading KVAR will first increase 
slightly, due to the permeability of the cold charge, and will then 
fall steadily to zero as the normal running condition is reached. 
In this case there is no power overload, the KW increasing steadily 
as the billets fill the coil. 

In both cases, because the heater ratings are small, the alternator 
can supply the transient out-of-balance KVAR and, in case (i), 
the extra KW. Consider now the case of a continuous-flow 
billet-heater having a full-load rating up to the full capacity of the 
alternator. 

It is impracticable to switch on with the coil already loaded with 
cold billets, partly because of the heavy KW demand, and also 
because billets already in the coil cannot have the correct cycle 
for proper discharge temperature. It may be possible to start up 
with the coil empty and with the capacitor bank already set to give 
unity P.F. under steady conditions, but this will depend upon the 
percentage change in coil reactance from starting to normal 
running, upon the coil power factor under normal running, and 
upon the alternator itself. If the alternator can deliver its nominal 
KVA rating, even with a leading power factor of about '15, then 
such starting conditions are practicable provided that the ratio 

[Empty-coil reactance]—[Normal loaded-coil reactance] 
Normal loaded-coil reactance 

is not greater than the normal-running power factor of the coil. If 
the reactance-ratio exceeds this figure, capacitor-switching must 
be performed, either manually or automatically, during the starting- 
up period, extra capacitors being switched in as required. 
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The reason why the alternator may not be capable of supplying its 
rated KVA at a low leading P,F., even for the short time required 
for starting up the heater, is the peculiar open-circuit (magnetisation) 
characteristic referred to. As with alternators of the wound-rotor 
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Fig. 9*28. Starting Conditions for 275/300-KW Continuous-flow Billet-heater. 


type, a leading power factor has a self-exciting effect, but it is 
peculiar to the inductor type that excitation beyond a certain value 
actually reduces the generated voltage. 

The graphs plotted in Fig. 9 -28 show the starting conditions for 





330 Industrial High Frequency Electric Power [DC 

a continuous-flow billet-heater which it was possible to start up 
without capacitor-switching. In this case the coil reactance-ratio 
was *087, and the normal-running P.F. of the coil was *148. It can 
be seen that the full-load KVA was approached, but not exceeded, 
during the starting-up period of 3 minutes. 

The reactance-ratio can be reduced by using large coil-to-charge 
clearances, but the reduction in heater-efficiency entailed may rule 
this out in favour of capacitor-switching. Another factor which 
may have a considerable effect on the reactance-ratio is the increase 
in slip of the induction motor driving the alternator, as the alternator 
load increases. For example, a 3% increase in slip corresponds to 
a 3% reduction in alternator frequency; the heater-coil reactance 
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Fig. 9-29. Effect of Alternator Speed on Reactive KVA. 

Intersection of curve with appropriate coil power-factor line 
gives % slip at which reactive KVA=KW, numerically. 

falls by 3%, and the capacitor-bank reactance increases by 3%. 
The effect, so far as starting conditions are concerned, is the same 
as if the coil reactance alone had decreased by 6%. It is obvious 
that a driving motor having a rather large full-load slip (in excess 
of 5%, say) may make capacitor-switching necessary, quite apart 
from the reduction in effective inductance of the heater-coil due 
to the presence of a hot charge. The slip effect is included in the 
curves of Fig. 9-28, which were plotted from KW and KVAR 
readings taken under actual starting conditions. 

The effect of alternator speed on the reactive KVA of the load is 
plotted in Fig. 9*29. The speed change is expressed as a percentage 
of the speed for which the capacitor bank is correct for unity 
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overall power factor; the reactive KVA of the load, which the 
alternator would be called upon to supply, is expressed as a 
percentage of the total capacitor KVA at this datum speed. This 
graph illustrates a particular case of the parallel resonant system 
of Figs. 1 ’24, 1 *25, and 1 ‘26. In general, where an induction motor 
is to be used to drive a H.F. alternator, it is advisable to specify 
that the motor slip at full-load shall be as small as possible, e.g. not 
more than 1-5 or 2-0%. The higher cost of a synchronous motor 
may be justifiable in some cases. 

Valve-oscillator equipment 

No special foundations are required for these static converters, 
though it is a good plan to place the equipment on T steel channels, 
so that it is easy to move, and water on the floor does not get into 
the set. Also, water inside the set, due to a leaky hose or anode- 
jacket, is then easily drained away. 

Preparatory work on the site consists in bringing up the water 
and electric supplies (including-earthing strip), and compressed air 
if required for any handling mechanism. Adequate drains must 
also be provided; sight-drains are preferable, but it is sometimes 
necessary to carry the water away overhead, and a closed pipe 
system has to be used. 

Water-flow switches are always fitted to units which employ 
water-cooled valves, and it is important that these should be kept 
in good working order. A booster pump will be required to 
increase water supply pressure if the normal pressure falls below 
20 Ib/sq. in.; a working pressure of 30-50 Ib/sq. in. is recommended. 
A closed recirculatory system, with a cooler, is desirable unless the 
purity of the mains water is found by analysis to be quite suitable. 

Usually the oscillator is placed very near to the work-unit, but 
this is not essential; a transmission line can be used between the 
set and the work-head. This transmission line should terminate 
in a tuned tank-circuit at the work-head, if the distance is greater 
than 6 or 8 ft.; the line then carries only the power component 
of the work-head current, and the line-loss is kept small. The 
arrangement shown in Fig. 7-7 (c) is applicable to both induction 
and dielectric heating. 

An arrangement which has already been used on a small scale, 
and which may become more common as power-ratings are 
increased, separates the oscillator section from the mains equipment 
and rectifiers. Oscillator valves and H.F. circuits only need then 
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be located at the work-station, and are connected by high-tension 
D.C. cable to a remote sub-station in which the remainder of the 
equipment is housed. 

Although it is obvious that heavy vibration on the site should be 
avoided if possible, vibration is not so serious as one might imagine; 
a number of high-power oscillators have been installed in heavy- 
press shops and there is no evidence to suggest that valve life is 
seriously reduced. “Shock-proof” mats should be used in doubt¬ 
ful cases. 

A filter to prevent the transmission of H.F. energy along the 
supply mains is essential; it is commonly supplied as part of the 
oscillator equipment. A description of the mains filter is given 
in Chapter 8. 

Before starting up a new equipment all interlocks should be 
checked in sequence—doors, water-flow switches, time-delay relays, 
interlocks on handling mechanisms, fan or blower interlocks—and 
hoses and anode-jackets inspected for water-leaks. Valve heaters 
should be run for several hours before switching on the H.T. 
transformer; 24 hours “baking” is not too long for hot-cathode 
mercury-vapour rectifiers, and it is most important that rectifier 
heater voltages are correctly set within the permitted limits of 
±2J%. The oscillator should then be allowed to operate con¬ 
tinuously, without load, for an hour or so at a low plate-supply- 
voltage (e.g. 5 KV, where the maximum voltage is 10 KV). These 
precautions are taken to avoid flash-back in the rectifiers, which is 
most likely to occur when valves are newly installed or operated 
after a prolonged period of disuse. Flash-back (i.e. reverse current 
flow) will also occur if the temperature of the condensed mercury 
in the base of bulb exceeds 60° C or so, and a special blower is 
fitted for cooling the rectifiers in some high-power oscillators. The 
occurrence of a flash-back can be recorded by means of the reverse- 
current relay shown in Fig. 9-30. A voltage developed across R 
due to a reverse-current will cause the relay to operate; this relay 
may incorporate a counter or a telephone-type “eyeball” indicator; 
it can be arranged to shut-down the equipment (if suitable insulation 
precautions are taken), but this is not usually necessary because 
H.T. fuses or mains overload-relays will function. 

Periodical inspections should be made to check the following 
items: 

(1) Valve anodes (water-cooled) inspected for scaling, washed 
in a 10% hydrochloric acid solution if necessary, and afterwards 
well rinsed. 
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(2) Rubber-hose clips tightened, and hoses inspected for 
cracks which sometimes develop due to the high electric stress. 
Suspect hoses should be replaced, and not left until a leak or a 
burst occurs. In the event of a burst, the equipment ought not 
to be run again until wetted components have been thoroughly 
dried out. 

(3) Anode-jacket rubber seals inspected for water-leaks, 
especially after installing or replacing a valve. 

(4) Electrical joints in the tank-circuit inspected and tightened 
where necessary; brazed joints should be used where practicable. 
Intermittent failure to heat the work has occasionally been 
traced to a high-resistance joint. 

(5) Contactor arcing-tips. 

(6) Water-floNv relays and filters. 


Norma! 
direction 
of current 
flow 


Reverse 

current 



Relay 


/inode of power 
rectifier 


Small metal rectifier 


Eye-ba/t 

indicator 


0 2_ Counter 


Fig. 9-30. Rectifier Flash-back Indicator. 


It is a good plan, if forced-air-cooled oscillator valves are used, 
to coat a small area of the ribbed cooler with a temperature- 
indicating paint, so that a permanent record is made in the event of 
the normal running temperature being exceeded. 

It is sometimes required to change over quickly from one coil 
set-up to another; this can be done with hand-operated switches 
or solenoid-operated H.F. contactors. In all cases, switching is 
carried out off-load, and auxiliary contacts on the switches or 
contactors are arranged to interlock with the contactor controlling 
the H.T. transformer which supplies power to the oscillator. 

There is no objection to rapid switching of the oscillator itself; 
a duty of 1000 “ON” periods per hour is not unusual, and the 
only limitations are those impo^d by the contactor. Electronic 
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switching, e.g. by means of grid-controlled rectifiers or ignitrons, 
can still further reduce such limitations. 

The emission current of an oscillator valve with a pure tungsten 
filament is extremely sensitive to filament voltage, while the useful 
life is greatly reduced by running the filament too hot. Accurate 
setting of filament voltage is thus very important, and in oscillators 
having two or more valves with a common filament supply and 
voltmeter it is usual to insert a low-value series resistor in each 
filament circuit. A set of these graded resistors is normally 
supplied, and values are selected to suit the marked filament 
characteristics of individual valves, so as to ensure equal emissions 
with a common supply voltage. It is therefore necessary to see 
that the correct resistance is used whenever a new valve is put into 
commission. This precaution is not required with thoriated- 
tungsten filaments; on the other hand, they should be run within 
±5% of rated voltage even for light loads, whereas the voltage may 
be reduced, for pure tungsten, to the point at which the emission is 
just sufficient (i.e. at which the required output is just maintained). 
The filaments of high-power valves must be brought up to tem¬ 
perature gradually; time-delay interlocks are usually incorporated 
to ensure this. It is also good practice to reduce filament voltage 
slowly when the oscillator is being shut down. 

Most troubles experienced with valve-oscillators are of a minor 
nature, and can be rectified quickly by the works electrician. 
Certain spares should be carried, e.g., 

1 oscillator valve, 

2 rectifier valves, 

1 grid resistance, 

1 tank-condenser section. 

Set arcing tips for contactor. 

Set rubber seals for valve water-jackets. 

The following list of faults and symptoms may be of use in locating 
causes of trouble: 

Symptom Possible Faults 

{ Faulty C.B. 

No-volt-coil not energised or supply-voltage low. 

Water supply failure. 

Plain overload. 
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Symptom Possible Faults 

'Rectifier flash-back (check supply voltage, ambient 
temj^rature, and rectifier heater voltage). 
Insulation breakdown (e.g. in rectifier valve-holder, 
or in H.T. leads). 

Faulty H.F. by-pass condenser or coupling condenser. 
Faulty oscillator tank condenser, or work-coil. 
Faulty oscillator valve. 

^ Plain overload. 

r Grid-drive voltage too high on light load. 

(3) Blown grid fuses. Large variations in oscillator filament voltage (and 

L hence emission), and in oscillator loading. 

(4) Oscillator plate current- f Plain overload. 

operated overload relayFaulty work-coil, or tank-circuit component. 

trips. [Faulty plate-coupling condenser. 

f Damaged grid resistance. 

(5) Erratic operation,! Intermittent high-resistance contact, e.g. in tank 

output unstable. ] circuit or grid circuit. 

[intermittent fault on work-coil. 

The adjustments required for correct loading of the oscillator are 
described in Chapter 5. A brief summary is given here: 

Excessive tank- and grid-currents, together with low D.C. plate- 
supply current, indicate insufficient loading; more work-coil 
turns (or more primary turns, if a work-head transformer is used), 
or closer coupling between inductor and work will correct these 
conditions. Conversely, the number of turns, or the coupling, 
should be reduced if the overload relay trips out, or if the tank- and 
grid-currents are low and plate-supply current is high. Some 
oscillator units have continuously variable control of loading; 
for example, that illustrated in Fig. 5-29, in which the coupling 
between plate-coil and tank-coil is continuously adjustable (see also 
Fig. 5-22 (b)). Such an arrangement makes it possible to match a 
wide range of work-coils to the oscillator. 

It is a good plan to check the D.C. power-input (i.e. Eqc x /dc) 
without a work-piece in the inductor. This should correspond 
roughly to between ^ and ^ of the full-load D.C. power-input. 
An unusually high “no-load” reading might be due to shorted 
turns in the work-coil. 

The calculation of work-coils and work-head transformers for 
valve-oscillators is more difficult than for alternator equipment, 
because the operating frequency and the work-coil voltage both 
depend partly upon the work-coil itself. The arrangement shown 
in Fig. 9-31 is that used in conjunction with oscillators of the kind 
illustrated in Figs. 5-24, 5-28, and 5-30, and approximates to a 


(2) Blown H.T. fuses be- 
tween H.T. transformer^ 
and rectifiers. 
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constant-current generator; i.e. the work-coil current docs not 
change very greatly (for a given KW output, and D.C. input 
voltage) over a wide range of work-coil sizes. In such a case it is 
convenient to relate the power generated in the load to the ampftre- 
tums per unit length; this enables a fairly accurate estimate to 
be made of the number of work-coil turns required and the voltage 
which will be developed across the coil. Note that whereas 
everything should be done to keep the coil-circuit power factor 
as high as possible in an alternator equipment, such is not the case 
with a valve-oscillator. Here it is necessary to make Q (i.e. the 
reciprocal of the power factor, approximately) high enough for 
the maintenance of oscillations of good waveform, and a Q value 
for the complete inductive branch of the tank-circuit lower than 
15 to 20 is not desirable. Thus the “buffer inductance” of the 



Fig. 9-31. Tank- and Work-circuit of Valve-oscillator. 


split tank-coil L2 of Fig. 9-31 is essential—at least for a general 
purpose oscillator—as it increases the Q value. It also helps, in 
conjunction with the coupling coil Li, to maintain approximately 
constant current, and it reduces the effect of the work-coil itsel 
upon the oscillation frequency. 

It was shown in Chapter 6 that the power developed in a 
cylindrical charge of diameter d and length / cms with a close- 

fitting coil is: _ 

Pas(/«)2x27r2d/\//)/i/.10-® watts . . 9-10 

approximately, provided that the skin-effect is pronounced (see 
equation 6*14). In many cases, particularly for surface hardening, 
the specific power in KW/cm^ of work-surface is the criterion; then 

JP=^^=(/n )2 X 2W^. 10-12 KW/cm2 . 9*11 

where In is the ampire-tums/cm length of charge. 
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It is seen from equation 9-10, substituting for that 

P^iiry X 27r2j. V ppf. 10-9 watts . . . 9-12 

so that for constant current / the number of work-coil turns required 
to develop a load of P watts is the same for any size of load of 
given proportions. 



10 700 7000 70000 

R. M. 5. Ampere-turns per inch (at the ivork-surface) 

[Courtesy of Co,, Ltd. 

Fig. 9*32. Specific Power in Steel, and Loss in Copper Inductor. 


A. Carbon Steel just below Curie point. 

B. „ „ atO^C. 

C. „ „ in hardening and forging range. 

D. Loss in close-fitting water-cooled work-coil. 


Use R.H. edge of zone for short solenoid, 1>^>*5. 
Use centre for 3>^>1. 

Use L.H. edge for 10>j>3. 


Fig. 9-32 (B.T.-H. Co., Ltd.) gives KW per square inch and 
corresponding ampire-turns per inch for carbon steel in a solenoid 
at -4 MC/S. (Note that in this figure dimensions are in inches.) 
Strictly, the KW/in^ values are for the centre part only of the 
charge, the power falling off towards the ends (see Fig. 6-14), but 
22 
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since /x increases with decreasing field-strengths, the power does not 
fall off as rapidly as at the ends of the solenoid. R. M. Baker’s 
approximation for (A.I.E.E. Technical Paper, 45-80, December 
1944) was used in the calculations for Fig. 9-32. The difference in 
slope of the zones for steel below and above the Curie point is due 
to the change in effective ft with field-strength; at very high values 
of ampire-tums per inch, the effective permeability approaches 
unity. The change in oscillator loading which occurs as the 
Curie point is reached can be minimised by using high power- 
concentrations. 

The inductor copper-loss values given in Fig. 9-32 are the minimum 



Fig. 9-33. Work-head Transformer for Surface Hardening. 

theoretical values; losses obtained in practice may be as much as 
two or three times these. 

A work-head transformer is almost always used for surface 
hardening in order to obtain sufficiently high power-concentration 
(Fig. 9'33). The radial clearance between the work and the low- 
voltage heavy-current inductor may be -020* to ’080'; it should 
be kept as small as mechanical tolerances permit. Similarly, the 
clearance between the primary winding and the secondary shell 
of the transformer can be made very small if a good insulating 
medium is used, e.g. an extruded coating of polythene on the 
primary-coil tubing, or a high-grade insulating tube slipped over 
the shell, and the primary coil embedded in wax. With such 
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small clearances, the ratio of work-surface current to inductor 
current is approximately the ratio of their effective diameters 
(allowing for current penetration depth), and similarly the ratio 
of shell current to primary current is approximately the ratio of the 
corresponding effective diameters. This follows (see Fig. 9*34) from 

in magnitude (see Chapter 1, p. 46). 

PuttingZ 2 = (oL 2 and M=kVLiL 2 we have 


h =? ^. 1 1 amperes, 

and for concentric arrangements of equal length and with small 
clearances, _ 

k-^ while * 




so that 


/2 = f./,. 


Hence, to obtain the approximate number 
of work-coil ampire-tums which will pro¬ 
duce the required number of work-surface 
ampire-tums, it is necessary to multiply 
the value obtained from Fig. 9-32 by the 
ratio of the effective diameters. A cor¬ 
rection has to be applied twice if a trans¬ 
former is used. 


Example (Fig. 9-33) 

Medium carbon-steel shaft, 2 cms diameter, for continuous- 
progressive surface-hardening to a depth of 1 mm in a “concen¬ 
trator” type of transformer, at 400,000 cycles/sec, primary current 
160 amperes. 

Z>is:12cms Z) 2 =11*4 cms /) = 12cms 



di=2*2 cms dz^l-O cms /2 = 1 cm or -4 in. 

Surface area of work within the inductor=6-28 cm^ or *975 in^. 

Specific power required=2-5 KW/cm^ or 16-1 KW/in^ (see 
Fig. 6-17). 

For continuous progressive heating, the ampere-turns per inch 
required at the work-surface for this specific power may be taken 
as 3500 (i.e. between bands A and C, Fig. 9-32). Then total 
ampere-turns required at work surface 

» 3500 X-4=1400 


22 * 
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Ampire-tums required on primary coil 
= 1400 1620 

whence primary turns required=^^BBlO approx. 

Allowance should be made for the reactance of the “slot” 
current-path between the secondary shell and the work-inductor. 
This is effectively part of Z 2 and will reduce the secondary current. 
The number of primary tiums may require to be increased from 10 
to 11 to allow for this. 

The primary-coil voltage will be 

V=IZ=IX 

where X is the effective reactance of the loaded transformer. 
The reactance is mainly due to the flux in the radial gaps between 
primary and secondary and between inductor and work, and is 
given approximately from 

A’=87T3r2/[^'+^] X 10-9 ohms 

With T—l\ turns, this gives A'=5 6-25 ohms, so that the primary 
voltage on load=160 x 6-25 = 1000 volts. The voltage would 
actually be somewhat higher than this, even as much as 25 % higher, 
due partly to the flux within the copper and steel, which has been 
neglected here. If such a transformer is made with detachable 
work loops, the primary should be insulated for a voltage corre¬ 
sponding to an open-circuit secondary, i.e. to that developed 
across the reactance of the primary-coil alone (see p. 10). In the 
example given, this would be roughly 4000 volts. 

Copper-losses in the transformer primary winding and secondary 
shell may be estimated by using the equation given on p. 43, while 
that for the work loop is more conveniently found from curve D, 
Fig. 9-32. These losses are roughly 3 KW and 2 KW respectively. 
Total power input to the transformer is therefore some 21 KW, 
and the input KVA= 1250xl60x 10-3=200. 

The eflSciency of the transformer-inductor unit is therefore 
approximately 76%, and the power-factor*-105. 

The statements in the foregoing, that the tank Q should be not 
less than 20, and that the coupling between transformer primary 
and secondary and between work loop and work should be as 
tight as possible, may appear to be contradictory. The point is 
that very high current-densities are inevitable in the work loop 
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and, to a lesser degree, in the transformer, whereas much lower 
densities, and therefore lower losses, can be achieved in the “buffer 
inductance'’ of the tank-coil L2 (Fig. 9*31) within the oscillator 
cubicle, where there is less restriction on space. Transformer 
and loop losses are minimised by keeping the ampire-tums/KW 
down, and this can be done by using small clearances. 

The choice of the dimensions Z>i and h (Fig. 9*33) is not critical; 
primary and secondary copper-losses are determined by the ratio 

i.e. by the proportions rather than the actual dimensions. 

Since such transformers are used in conjunction with axially-short 
work loops, nothing is gained by increasing /i beyond a certain 
point, because the reduction in circumferential copper-losses is 
accompanied by an increased “axial” loss corresponding to the 
lines of flow towards the work loop. In this connection the 
centrally-placed work loops of Figs. 6*10 and 6*30 are electrically 
superior to the end-connected loop of Fig. 9*33, but the latter is 
often used because of mechanical convenience. For most purposes 

the ratio ^ is chosen between *66 and 1*0, both for internal and 

M 

external secondaries; the actual value of Di is determined by such 
considerations as minimum bore of primary tubing for satisfactory 
water-flow, minimum permissible radial clearance between primary 
and secondary, and the inductance of the work loop; the larger 
these factors, the bigger Dy, and hence ly, must be made. 
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TABLE I 


Material 

Density 

Melting 

Point 

pEM.U. 

Temp, Coefficient 
of Resistivity 

Aluminium 

2*7 

660 

3200 (18® Q 

•0038 (18® Q 

Brass (65-35) 

8*45 

930 

7500 (18® Q 

•0010 (18® O 

Copper 

8-89 

1083 

1780 (18® Q 
22,000 (1083° C) 

•0043 (18® Q 

Chromium 

6*93 

1765 

13,100 (20® C) 

— 

Gold 

19-3 

1063 

2440 (20® Q 

•0034 (20® C) 

Graphite 

1*56 

(effective) 

Volatilises 




2-21 

above 

950,000 (average) 

— 


(neglecting 

porosity) 

3500® C 



Iron 

7-87 

1535 

9800 (18® C) 

•0062 (18® Q 

Le^ 

11-34 

327 

20,800 (18® C) 

•0043 (18® C) 

Magnesium 

1-74 

651 

4460 (20® C) 

•004 (20® C) 

Molybdenum 

10-2 

2620 

5000 (20® C) 

•0047 (20® Q 

Monel 

8-8 

1350 

44,000(18® C) 

•0019 (20® C) 

(cold drawn) 




•0054 (20® €5 

Nickel 

8-85 

1440-1455 

7800 (20® Q 

Nichiome 

(80-20) 

Platinum 

8-35 

1375 

103,000 

•000098 (20-500® Q 

:i-37 

1773-5 

11,000(18® C) 

•0038 (18® Q 

Silver 

10-5 

960 

1630 (18® C) 

•0040 (18® C) 

Steel (1 % Q 

7-85 

1520 

12,000(18® C) 

•0016 to 0042 



110,000(1200® C) 
200,000 (1520® C) 

(18® Q 


Steel(stainless) 

(18-8) 

Tin 

7-97 

1430-1470 

89,000 (18®Q 

•0021 (20® Q 

7-29 

232 

11,500 (20® Q 

•0042 (20® C) 

Tungsten 

190 

3382 

5500 (20® C) 

•0047 (20® C) 

•0037 (18® C) 

Zinc 

7-14 

419 

6100 (18® C) 


Magnetic change points (“Curie Points”): 


♦ Iron 770^ C 

♦Cobalt.1150® C 

♦Nickel. 360® C 

♦ Nickel-iron (30 Ni, 70 Fe) .... 70® C 

♦ PermaUoy (78 Ni, 22 Fe). 550® C 

♦ Nickel-copper (Thermalloy, Thermoperm) . 10 to 70® C 

Carbon steel (medium). 720® C 


♦ From Physical and Chemical Constants^ Kaye and Laby. 
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TABLE II 

Heat Contents, Above 0° C. KW secs/lb.* 



"C 100 
op 212 

200 

392 

300 

572 

400 

752 

600 

1112 

800 

1472 

1000 
! 1832 

1200 

2192 

1500 •C 
273‘2 ® F 

Aluminium 

400 

83-2 

129 

178 

2815 

562L 

661 

HI 


Carbon 

39-3 

86-1 

141 

206 

351 

510 

678 

HB 

1120 

Copper 

17-6 

35-7 

54-6 

73-2 

113 

154 

1965 

iSfl 

401 

Gold 

5-8 

11*8 

17-9 

24-2 

37-5 

48-8 

64-65 

108L 

128 

Graphite 

32-4 

68-7 

112 

162 

286 

458 

630 

800 

1142 

Iron 

20-7 

43-1 

68-5 

980 

159a 

240iS 

314y 

372y 

470 

Lead 

59 

120 

18-35 

35-7L 

48-2 

61-0 

73-4 

— 

— 

Manganese 

21-3 

450 

71-0 

100 

167 

243a 

315/3 

394y 

627L 

Magnesium 

46-7 

960 

148 

202 

3145 

507L 

— 

— 

— 

Molybdenum 

11-5 

23-8 

36-7 

50-0 

78-0 

107 

138 

161 

222 

Nickel 

20-7 

43*2 

680a 

96-5i3 

146 

198 

249 


521L 

Platinum 

61 

12-4 

18-6 

24-9 

38-4 

52-0 1 

65-4 

81-2 

104 

Silver 

10-7 

21-5 

32-7 

44-3 

68-1 

83-65 

168L 

196 

— 

Steel 

241 

48-2 

72-0 

96-5 

158a 

250/3 

314y 

3645 

520L 

(0-3 %Q 
Tin 

10-7 

2205 

60-5L 

71-0 

92-3 

114 

135 


(1550** Q 

Tungsten 

6-3 

12-4 

18-8 

251 

38-2 

51-5 

65-5 

79-5 

102 

Zinc 

17-9 

36-3 

56-0 

76-05 

168L 

217 

— 

— 



The heat-contents of most of the materials listed were computed from information given 
in Metals Handbook, 1939 Edition, page 85, published by the American Society for Metals. 


* To convert to KW-hours per ton, multiply the values given above by 

o 
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TABLE III 

Diblectric Constant K , Dielbctric Strength in KV/mm and Power Factor 

Tan h 


Material 

a: 

KVImm 

tan h at 1 MQS 

Air. 

10 

30 

0 

Amber (natural fossil resin) 

2-9 

— 

•002 

Cellulose acetate (sheet) 

3-5 to 7*5 

32 to 100 

•03 to 06 

Cellulose nitrate 

4 to 7 

24 to 48 

•07 to -10 

Di-Jell (various grades) 

2 to 2-5 

10 to 15 

•0002 to -001 

Ebonite. 

2-5 to 2*5 

30 to 110 

•05 

Glass—Crown 

6-2 

50 to 150 

— 

Glass—Flint .... 

70 

50 to 150 

•004 

Glass—Pyrex .... 

4-5 to 4*9 

30 to 150 

•0028 

Methacrylic resin . 

2-8 to 3-5 

20 

•02 to 03 

Mica—clear India . 

6 to 7-3 

50 to 200 

•0002 to 003 

Mkanite. 

— 

27 to 35 

— 

Mycalex. 

6 to 8 

14 

•003 

Oil (transformer) . 

2-2 to 4-7 

20 to 50 

•005 to -25 

Perspex. 

2-8 to 3-44 

10 to 15 

•02 to 046 

Pherol, pure .... 

5 to 6 

16 to 20 

015 to 04 

Phenol, black moulded . 

5*5 

10 to 20 

•035 to -10 

Phenol, paper base 

5-5 

16 to 52 

•02 to 05 

Phenol, cloth base . 

5-6 

6 to 24 

•02 to 08 

Polythene (pure) . 

Porcelain fdry process) . 

215 to 2-3 

40 

•00015 to 0003 

6 to 7 

10 to 25 

1 006 to 01 

Porcelain (wet process) . 

6 to 7 

25 to 30 

(Juartz, fu^ .... 

3-75 to 41 

13 to 14 

•0002 

Rubber. 

3 to 5 

16 to 50 

•006 to 014 

Steatite. 

61 

12 to 27 

•002 to 003 

Styrene (polymerised) . 

2-4 to 2-9 

20 to 28 

•0003 

Shellac. 

2-9 to 3-7 

8 to 20 

•009 

Titanium dioxide . 

90 to 170 

16 to 20 

•0006 

Titanium dioxide— 




magnesium titanate . 

12 to 18 

16 to 20 

•0002 to 001 

Titanium dioxide— 
titanium-zirconium di¬ 




oxides .... 

40 to 60 

16 to 20 

•0005 to 001 

Urea-formaldehyde com¬ 




pounds .... 

6 to 7 

26 to 28 

•03 

Vaseline .... 

2-2 

9 


Vinyl resins (Vinylchloride 
acetate)— 




Unfilled .... 

4 

26 

•017 to 018 

Filled .... 

4 

— 

•02 to 065 

Water. 

81 

— 

— 

Wood. 

2-5 to 7-7 

3 to 4 

•03 to -08 










Appendix B 


POWER TRANSFERENCE FROM SOURCE TO LOAD 


^ I ^ 


SOURCE 


LOAD 

Rs 


Rl 

Xs 


Xl 

E 




Tz:!_Zu 


^ V(Rs+/{L)*+(Jr5+A'L)*' 

E^Rr 

Load power ^‘■^^‘^‘■^(.Rs+RLy+iXs+Xi.y 

The values of any of the quantities Rs, Rty Xs, Xu Zsy Zu which yield maximum 
load power are found by differentiating the power equation with respect to the 
quantity concerned and equating the differential to zero. The results obtained are: 


(1) A necessary condition for maximum load power is: 

Zl=Zs.1 


(2) If there is complete freedom of choice of values for Rt and Xu and Xl 
may be of either (a) the same kind as Xsy or (b) the opposite kind to Xs^ Rs and 
Xs being fixed, then Pl is a maximum when 


Rl—Zs 
Zl= 0 j 


2(a) 


or 


Rl—Rs ) 
Xl^-Xs) 


2(b) 


(3) The power is a maximum in a fixed load impedance Zl when 
either Z 5=0 . 

or when Rs^O ^ 

and Xs ^— Xl ( 

according as Xs and Xl are of the same or opposite kind. 


3(a) 

3(b) 


(4) The power obtainable in cases 2 (b) and 3 (b) is greater than in 2 (a) and 
3 (a) respectively; in case 2 (b) the cfikicncy is only 50 per cent. 


(5) In all cases the power transfer efficiency is 

Rl 

Rs+Rl 


(6) The ratio of output to input KVA is 

_Zl_ 

VCRsA’RO^HXs+XjT 

and is a maximum, i.e. unity, under conditions 3 (a) or 3 (b). 
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Alternator, hcteropolar, 74 
homopolar, 74 
installation, 319 
losses and efficiency, 95 
special types, 89 
ventilation, 320 
wound rotor, 65 
Amplification factor, 105 
Amplifier, Qass A, 108, 114 
QassB, 116, 121, 124, 129 
QassC, 117, 130, 142 
Annealing, 221, 307 
Arc oscillator, 52 
Armature reactance, 68, 76 
reaction, 68, 80 
Auto-transformer, 48, 283 
Automatic handling equipment, 301 
voltage control, 92, 325 
Average value of alternating current, 
16 


Billet heating, 214, 295 
B.T.-H. inductor alternator, 91 
Brazing, 218 
Bus-bars, 322 
By-pass condenser, 140 


Cables, coaxial, 321 
water-cooled, 284 
Capacitance, 11 

Capacitive circuit carrying A.C., 21 
Capacitor KVA, 187, 328 
series, for H.F. alternator, 76, 327 
Carburi^ parts, induction harden¬ 
ing, 299 

Characteristic impedance, 240 
Class A operation, 108, 114 
B operation, 116 
C operation, 117 
B power amplifier, 124 
example, 129 
C power amplifier, 130 
example, 142 

Coefficient of superfluous heat, 200 
Coil tappings, 193 

Coils, calculation of, 9, 185, 194, 
217, 336 

supporting structures for, 191 


Colpitts oscillator, 145, 147, 152, 336 
Compensating capacitor, 76 
Concentrator, 180, 219, 338 
Contactors, 72, 325, 333 
Conveyor-type heaters, 220,295,318, 
329 

Cooling water, for valves, 260, 331 
for coils, 190 

Coupled circuits, 35, 44, 48, 144, 339 
impedance, 46 
resistance, 46, 164, 170 
Coupling, between oscillator and 
work, 213, 235 
factor, 7, 49 
Curie point, 6, 198, 342 
Current, in oscillatory circuit, 35 
in resonant circuit, 28, 30, 32 
loading of copper bus-bars, 322 
penetration depth, 6, 50, 168, 198, 
222, 322 

I Cut-oflf voltage. 116 
Cylindrical load, hollow, 175, 295 
I solid, 166, 293, 336 


Damping, in oscillator circuit, 35, 55 
Decrement, 35 

Design of melting furnace, 194 
of power amplifiers and oscillators, 
129, 142 

of work-coils, 182, 185, 337 
of work-head transformers, 40, 
180, 335 

Dielectric constant, 344 
heating, 226, 316, 318 
loss, 15, 224 
strength, 344 
Distillation, vacuum, 220 
Double-frequency furnace, 284 


Earth leakage, 325 
Electric field distribution, 271 
strength, 273 
Electrical resistance, 2 
resistivity, 4, 285, 342 
Electrolytic ta^, 272 
Emission, thermionic, 131, 334 
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Ener^ stored in capacitance, 14 
in inductance, 9 

Equivalent impedance, of trans¬ 
former-coupled load, 37 


Feeders (transmission lines), 237 
Filters, mains, 255 
Forging, induction heaters for, 214, 
310 

Frequency of resonance, 27, 31, 33, 
116 

measurement, 275 
Furnace linings, 191, 192, 285 


Gear hardening, 300 
Generator —See Alternator, Spark- 
gap, Valve, etc. 

Grid bias, 109, 125, J35, 137 
circuit, 127, 134, 143 
current, H.F., 139 
limiter, 259 

Grid-controlled rectifiers, 252 


Handling equipment, 301 
Hartley circuit, 145, 147 
Heat contents of metals, 343 
Heating times for through-heating, 
292 

for surface-hardening, 202, 298 
High-frequency flux and current 
penetration, 166 
resistance, 5, 183 

Holding power in melting furnace, 
286 

Hollow charge, 175, 295 

Hot pressing of metal powders, 296 


Impedance, 23 
coupled, 46 

matching, 37, 150, 180, 240, 243, 
245 

parallel resonance, 31 
Inductance, 7 
calculations, 9, 323 
Induction heating, 163 
oscillators for, 152, 157 
Inductive circuit carrying A.C., 19 
Inductor alternators, 73 
eflSdency, 182 
Inductors, 177 


Industrial applications, 94, 163, 218, 
225, 283 

Insulated system, 324 
Insulation, of work coils, etc., 191, 
340 

Interleaved bus-bars, 322 
Internal hardening, 212 
Inverter (mercury-arc generator), 59, 
64,291 
Iron loss, 36 

at medium frequencies, 41 


j NOTATION, 25 


Leakage reactance of transformer, 
40, 42, 340 
Limiting edge, 106 
Linings for melting furnaces, 285 
Load characteristics, inductor alter¬ 
nator, 86 

line, triode valve, 111 
with triode valve, 107 
variation, effect on oscillator, 149 
Local hardening, 299, 309 
Logarithmic decrement, 35 
Loss factor of dielectric, 226 


Magnesium distillation, 220 
Magnetic change-points, 342 
field strength, inside coil, 188 
outside coil, 178, 287 
Magnetically-coupled circuits, 35 
Magnetising current of transformer, 
36,44 

Mains filters, 255 

Matching —See Impedance matching 
Measurement of frequency, 275 
of H.F. current, 264 
of H.F. power, 269 
of H.F. voltage, 266 
Melting furnace, 71, 192, 283 
design, 194, 287 
points, 342 

Mutual conductance, 104 
inductance, 8 


Natural oscillations, 33 
Non-magnetic steels, 192 
Normalising of welded joints, 221 
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Index 


09CiiXAT(«, arc, 52 
equipment valve, 331 
for induction heating, 157, 336 
for dielectric heating, 229 
power supplies, 248 
spark, 57 
valve, 144 


Parallel operation of alternators, 
93, 326 

resonance, 29, 122, 330 
Penetration depth, 6, 50, 168, 198, 
222, 322 

Permeability, effective, 6, 169, 189, 
338 

Mate circuit, tuned, 116, 122, 130, 
131, 141, 142 
current pulse, 119 
dissipation power, 126 
or strip heating, 176 
Portable power-tools, 94 
Power amplifiers, 109, 116 
conversion efficiency, 55, 95, 110, 
126, 132, 143 

factor, 24, 25, 185, 186, 224, 340 
correction, 68, 187, 194, 329, 
330 

in A.C. circuit, 18, 24, 29, 47, 172 
in cylindrical charge, 171, 336 
loss in coils, 43, 133, 182, 340 
ratings for billet and bar heaters, 
293, 295 

for surface-hardening, 202, 298, 
337 

supplies for valve oscillators, 248 
transfer, 47, 345 

Progressive surface-hardening, 204 
Proximity effect, 50 
heating, 177 


“Q,” 28, 122, 133 
measuranent, 278, 281 


Ratino of billet heaters, 293 
of valve oscillators, 155, 162 
Reactance, 21, 22 
of bus-t^, 322, 323 
of coaxial cables, 321 
of coil, 186 
ratio, 328 

RectifiCT meters, 265 
Rectifiers, 250, 332 
Refeences. 346 


Reftactmir lining materials, 191,285 
Regulation of altonator, 68 
Remote control (rin>Ie control), 94 
Reservoir condenser, 140 
Resistance, coupled, 46,164,170 
H.F., 5, 183 
in A.C. circuit, 16 
of triode valve, 104 
of triode load, 108 
Resistivity, 4, 342 
of refractories, 285 
Resonance, 26, 29, 32 
curve, 33, 330 

Root-mean-square (RMS) value, 17 


Safety devices, 257 
Screening, 254 
Self-rectifying oscillator, 231 
Series capacitor, 76 
resonance, 26, 76 
Shielding, 182 
Shunt-fed tank circuit, 141 
Signalling, 94 
Sintering, 296 

Skin effect, 5, 50, 166, 222, 322 
Slip, effect of, 330 
Soldering, 220, 312 
Solid cylindrical load, 166, 293, 336 
Spark oscillator, 52, 57, 219 
Starting conditions in induction 
heaters, 327 

Steels for induction hardening, 298 
Stirring effect, 51, 284 
Stray heating, 288 
Strip heating, 176, 222 
Stub matching, 245 
Supporting structures for coils, 191 
Surface-hardening, 197, 297,304,337 
heating, 176 
Surge impedance, 240 
Switching-off alternator load, 325 


Tank capacitance, 134 
circuit, 122 
KVA, 133, 134 
inductance, 134 

Tappings, coil, for power control, 
193 

Temperature coefficient of resistance, 
5,342 

Thermal capacity Iwating cycle, 200 
conduction heating eycle, 200 
conductivity of fiiinaoe lining^ 195 



Index 


355 


Throu^ heating, 214, 292 
Time constant, C/?, 13, 138,146, 262 
Timing mechanisms, 261 
Transformer, air core, 44 
coupled load, 37, 43, 113, 338 
iron core, 35 
losses in, 36, 41, 43, 340 
work-head, 40, 180, 338, 340 
Transmission lines, 237 
Triode valve, 97 
characteristics, 103 
oscillator, 144 
Tuned anode oscillator, 145 
Turns, coil, calculation of, 185, 337 


Vacuum distillation, 220 
furnaces, 192, 221 

Valve oscillators, 144, 157, 229, 331 


Valves, higji power, 98 
in parallel, 151 
in push-pull, 153 
triode, characteristics, 103 
Vector representation, 17 
Vernier alternator, 90 
Vibration testing, 95 
Voltage amplification, 109 
control of alternator, 68, 92, 325 
j gradient, 273 
; Voltmeters for H.F., 266 

Water cooling of work coils, etc., 
190 

flow in pipes, 190 
Work coils, 162, 177, 185, 335 
Work-head transformers, 40, 180, 
335 

Wound-rotor alternators, 65 
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